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PREFACE

The US department of energy approved the Mission Need (CD-0) for a long baseline neu-
trino experiment on January 8" 2010. This marked the official start of the LBNE project
whose goal is to plan and execute the construction of a next generation neutrino experiment
designed to measure neutrino oscillation parameters with a neutrino beam from Fermilab
detected in a large detector a mile underground in the former Homestake mine in South
Dakota. Two technologies were considered for the far detector: a large liquid argon time
projection chamber (LArTPC) and a large Water Cherenkov Detector (WCD). Conceptual
designs for both technologies were developed and the designs, scientific capabilities, cost,
schedule and risks were evaluated. Internal review committees found that both detector de-
signs were capable of meeting LBNE scientific needs and that the technical designs and
schedules were reasonably well developed at the conceptual design (CDR) level. On January
6, 2012, the LBNE project recommended to DOE that the LArTPC technology be selected
as the preferred technology for the far detector.

This report, completed in early 2012, documents the conceptual design of the WCD option
for LBNE. Though not selected as the LBNE far detector this CDR represents the state of
the art in WCD design, is technically sound and may be useful for future initiatives. This
CDR includes the WCD detector and the Conventional Facilities (CF) for the WCD. Many
additional supporting documents for the CF are archived separately. The cost and schedule
for WCD and CF-WCD are also documented elsewhere.
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1 Introduction

The Long-Baseline Neutrino Experiment (LBNE) Project team has prepared this Conceptual
Design Report (CDR), which describes a world-class facility that will enable the scientific
community to carry out a compelling research program in neutrino physics. The ultimate
goal in the operation of the facility and experimental program is to measure fundamental
physical parameters, explore physics beyond the Standard Model and better elucidate the
nature of matter and antimatter.

Although the Standard Model of particle physics presents a remarkably accurate description
of the elementary particles and their interactions, scientists know that the current model is
incomplete and that a more fundamental underlying theory must exist. Results from the last
decade, that the three known types of neutrinos have nonzero mass, mix with one another
and oscillate between generations, point to physics beyond the Standard Model.

A set of measurable quantities is associated with neutrino physics. The three-flavor-mixing
scenario for neutrinos can be described by three mixing angles (62, 023 and 6;3) and one
CP-violating phase (6cp). The probability for neutrino oscillation also depends on the dif-
ference in the squares of the neutrino masses, Amg; = m7 —m3; three neutrinos implies two
independent mass-squared differences (Am2, and Am3,).

Until recently, the entire complement of neutrino experiments to date had measured just
four of these parameters: two angles, 61 and 6,3, and two mass differences, Am3, and
Amj3,. The sign of Am3, is known, but not that of Am3,. In 2011, the MINOS|[1], T2K]2],
and Double Chooz[3] experiments presented indications of a non-zero value of ;5. Re-
cently, the Daya Bay reactor neutrino experiment announced observation of the disap-
pearance of electron antineutrinos from a reactor, with a measured value of sin?(26;3) =
0.092 +0.016(stat) 4 0.005(syst) [4]. Figure 1-1 compares the 1o allowed ranges of sin®(26;3)
from recent measurements. Improved measurements for this mixing angle are expected in
the near future.

Observations of v, — v, oscillations of a beam (composed initially of muon neutrinos, v,,)
over a long baseline are the key to determining the mass hierarchy (the sign of Am2,) and

exploring CP violation. In this case, the signature of CP violation is a difference in the
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® Solar + KamLAND
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Figure 1-1: sin?(20,3) from recent measurements[5,1,2,3,4]. Figure taken from [6].

probabilities for v, — v, and 7, — V. transitions. The study of the disappearance of v,
probes a3 and |Am3,|.

In its 2008 report, the Particle Physics Project Prioritization Panel (P5) recommended
a world-class neutrino-physics program as a core component of the U.S. particle-physics
program|[7]. Included in the report is the long-term vision of a large detector in the Sanford
Underground Laboratory in Lead, S.D., the site of the formerly proposed Deep Underground
Science and Engineering Laboratory (DUSEL), and a high-intensity neutrino source at Fer-
milab.

On January 8, 2010, the Department of Energy approved the Mission Need for a new long-
baseline neutrino experiment that would enable this world-class program and firmly establish
the U.S. as the leader in neutrino science. The LBNE Project is designed to meet this Mission
Need. With the facilities provided by the LBNE Project, the LBNE Science Collaboration
proposes to make unprecedentedly precise measurements of neutrino-oscillation parameters,
including the sign of the neutrino mass hierarchy. The ultimate goal of the program will be
to search for CP-violation in the neutrino sector. A configuration of the LBNE facility, in
which a large neutrino detector is located deep underground, could also provide opportunities
for research in other areas of physics, such as nucleon decay and neutrino astrophysics,
including studies of neutrino bursts from locally occurring supernovae. The scientific goals
and capabilities of LBNE are summarized in Chapter 1.2 and fully described in the LBNE

The LBNE Water Cherenkov Detector
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Case Study Report (200 kTon Water Cherenkov Far Detector)[8].

1.1 Science Objectives

The LBNE water Cherenkov detector has a broad range of scientific objectives, listed below.

10.

. Measurements of the parameters that govern v, — v, oscillations as discussed above.

This includes measurement of the CP violating phase dcp and determination of the
mass ordering (the sign of Ams3,).

. Precision measurements of 653 and |Am3,| in the v,-disappearance channel.

Search for proton decay, yielding measurement of the partial lifetime of the proton
(7/BR) in one or more important candidate decay modes, e.g. p — e™n’ or p — K*tv,
or significant improvement in limits on it.

Detection and measurement of the neutrino flux from a core-collapse supernova within
our galaxy or a nearby galaxy, should one occur during the lifetime of the detector.

Other accelerator-based neutrino oscillation measurements.
Measurements of neutrino oscillation phenomena using atmospheric neutrinos.
Measurement of other astrophysical phenomena using medium-energy neutrinos.

Detection and measurement of the diffuse supernova neutrino flux.

. Measurements of neutrino oscillation phenomena and solar physics with solar neutrinos.

Measurements of astrophysical and geophysical neutrinos of low energy.

Objectives (9) and (10) may require upgrades beyond the baseline design.

1.2 Experimental Capabilities

The LBNE Case Study Report for a water Cherenkov detector[8] details the experimental
capabilities and performance metrics. Here we present a high-level summary.

LBNE Conceptual Design Report
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1.2.1 Accelerator-based Neutrino Oscillations

Observation of v, — v, oscillations will allow us to determine the neutrino mass hierarchy
and measure leptonic CP violation through the measurement of d¢p. In five years of neutrino
(antineutrino) running, assuming sin?(26;3) = 0.092, dcp = 0, and normal mass hierarchy,
we expect 1068 (382) selected v, or 7, signal events and 502 (237) background events in a
200 kTon water Cherenkov detector with a 700 kW beam.

Figure 1-2 shows the fraction of possible dcp values covered at the 3o level for determining

-3 -2 -1
@ 100 I:E(l) T T 10 ™ |%?
= E — Normal .
o J0F e Inverted E
S 8o 6,5 (30) E
8.1 R MH (30) e
o’ g — CPV (30) ';
60~ —
505— _E
E Syrsv+5yrsv =
40 700 kW =
- 200 kton WC 3
30 =
2o
10F =
: L L L1l II I 1 L1l IF

0
10° 107 !

.o 10
sin“(20,,)

Figure 1-2: 30 discovery potential for determining sin?(26;3) # 0 (red), the mass hierarchy
(blue), and CP violation (green) as a function of sin?(26;3) and the fraction of dcp coverage.
The sensitivities are shown for both normal (solid) and inverted (dashed) mass hierarchies for a
200 kTon WCD given five years running in v mode + five years in 7 mode in a 700 kW beam.

sin?(26,3) # 0, the mass hierarchy, and CP violation as a function of sin?(26,3) for a 200 kTon
detector in a 700 kW beam running for five years in neutrino mode and five years in antineu-
trino mode. At a value of sin?(26;3) = 0.092 (the measured value from Daya Bay), the mass
hierarchy can be resolved at 3¢ for 100% of dcp. For CP violation, a 30 determination can
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be made for ~65% of dcp values.

In addition, a water Cherenkov detector of this size can achieve <1% precision on measure-
ments of Am32, and sin?(20y3) through muon-neutrino and antineutrino disappearance. There
is also the potential to resolve the fs3 octant degeneracy and improve model-independent
bounds on non-standard interactions.

1.2.2 Proton Decay

We will study two key modes of proton decay with the water Cherenkov detector: p — en®
and p — vK*. Figure 1-3 shows the 90% C.L. sensitivity for p — er” as a function of time.

[ p—oetn?

—_

o
w
(&)

—h

o
w
g

—_

o
W
w

Lifetime Sensitivity (90% CL)

K723 I BT B AT RN T BN AP B
101995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Year

Figure 1-3: Proton decay lifetime limit for p — en® as a function of time for Super—-Kamiokande
compared to 100, 200, or 300 kTon fiducial mass water Cherenkov detector starting in 2019.

The leftmost curve is for Super—Kamiokande. The curves on the right show the sensitivity
for a 100, 200, or 300 kTon fiducial mass WCD. The efficiencies and background rates for the
curves were taken to be identical to those for Super-Kamiokande, namely detection efficiency
of 45% and background rate of 0.2 events/100 kTon-years. According to this calculation, a
200 kTon detector with a ten-year exposure could set a limit of 0.6 x 103° years. For the
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p — vKT mode, we could expect to improve upon the Super—-Kamiokande limits by roughly
a factor of two with a 200 kTon water Cherenkov detector.

1.2.3 Supernova Neutrinos

Figure 1-4 shows the number of expected events in 30 seconds from a supernova burst for
Super—Kamiokande or a 200 kTon WCD as a function of the distance to the supernova. At a
distance of 10 kpc, a burst would produce a few hundred events per kiloton of water within
a few tens of seconds. Such a high-statistics signal from a supernova would provide valuable
information on a variety of physics and astrophysics topics, including neutrino oscillations.
In one particular flux model, it would take roughly 3,500 events in the WCD to distinguish
the neutrino mass hierarchy at 30. A core-collapse supernova within the Milky Way galaxy
would produce at least this many events in a 200 kTon WCD.

Supernova neutrinos in water

Galaxy Edge LMC Andromeda

%) = T T T |
= C
$10° -
o = *
‘6105 =
o F
E100 L
S10° ¢
= -

10° =

102 - 2300 mwe

10" 4290 mwe

1 é_ ....'~
10-1? | | IIIIII| | | IIIIII| | | | I I I |
1 10 102 10°

Distance to supernova (kpc)

Figure 1-4: Approximate number of events detected in 30 seconds as a function of distance to
the supernova for Super—Kamiokande (dashed line) and a 200 kTon water detector (solid line).
The horizontal green lines indicate cosmic-muon rates at the Super—-Kamiokande depth (2300
meters water equivalent (mwe)) and the Sanford Lab depth (4290 mwe). (Note that cosmic
muons can be effectively vetoed through several orders of magnitude.)

Electron antineutrinos interacting with protons result in a positron and a neutron. The
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positron gives a prompt Cherenkov signal while the neutron capture results in a delayed
signal. Adding gadolinium to the water would enhance the detection of these neutrons.
Gadolinium has a large neutron capture cross section and results in the emission of gamma
rays with a total energy of ~8 MeV. The gadolinium has two effects, (1) the time delay
between the prompt positron signal and the delayed neutron is significantly shortened due
to the reduced neutron capture time, resulting in a reduced rate of accidental backgrounds,
and (2) the large gamma ray energy emission increases the detection probability of these
neutrons while further reducing background triggers. Gadolinium has been used in numerous
liquid scintillator neutrino detectors (for example, Daya Bay, Double Chooz, RENO).

Enhancement of the WCD baseline design with higher photocathode coverage and gadolin-
ium loading would make possible an observation of supernova relic neutrinos at 3o in only a
couple of years, even assuming the most pessimistic of current predictions for the flux. The
enhancement would also greatly increase the number of observed events from a supernova
burst.

1.2.4 Other Physics Topics

A 200 kTon WCD will be able to collect an atmospheric-neutrino sample with high enough
statistics to provide a measurement of the oscillation parameters that is complementary to
the measurement made using accelerator neutrinos.

Enhanced photocathode coverage would also make accessible an observation of the Day-
Night effect from solar neutrinos, for which the v, flux asymmetry is growing above 5 MeV
but begins to fall above about 8 MeV. Enhanced coverage would lower the energy threshold,
allowing a larger window for measuring this phenomenon.

1.3 Project Scope

The DOE Mission Need for the LBNE Project proposes the following major elements:

e An intense neutrino beam aimed at a distant site
e A near-detector complex located near the neutrino source

e A massive neutrino detector located at the far site

The LBNE Project scope includes construction of experimental systems and facilities at
two separate geographical locations. We present a reference design to achieve the Project’s
mission in which a proton beam extracted from the Fermilab Main Injector (MI) is used

LBNE Conceptual Design Report
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to produce a neutrino beam. The neutrino beam traverses a near detector a few hundred
meters downstream before traveling through the Earth’s mantle to a far detector located
1,300 km away in the Sanford Underground Laboratory, the site of the former Homestake
Mine in Lead, South Dakota. The 1,300-km separation between the sites presents an optimal
baseline for LBNE’s neutrino-oscillation physics goals.

The main scope elements on the Fermilab site, also referred to as the Near Site, include:

e Magnets and support equipment to transport the extracted protons to the target (where
approximately 85% of them interact, producing pions and kaons)

e A target and target hall
e Magnetic focusing horns to direct pions and kaons into a decay tunnel
e A decay tunnel where these particles decay into neutrinos

e A beam absorber at the end of the decay tunnel to absorb the residual secondary
particles

e Near detectors to make beamline measurements and neutrino-flux and spectrum mea-
surements

e Conventional facilities at Fermilab to support the technical components of the primary
proton beam, the neutrino beam and the near detectors

The main scope elements at the Sanford Laboratory site, the Far Site, include:

e The massive far detector, located underground
e Infrastructure required for the far detector, both above- and below-ground

e Conventional facilities at Sanford Laboratory to house and support the technical com-
ponents of the far detector

The following sections summarize the beamline, near and far detectors, and near and far site
conventional facilities.

1.3.1 Beamline at the Near Site

The LBNE beamline complex at Fermilab will be designed to provide a neutrino beam of
sufficient intensity and energy to meet the goals of the LBNE experiment with respect to
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long-baseline neutrino-oscillation physics. The design is that of a conventional, horn-focused
neutrino beamline. The components of the beamline will be designed to extract a proton
beam from the Fermilab Main Injector and transport it to a target area where the collisions
generate a beam of charged particles. This secondary beam, aimed toward the far detector, is
followed by a decay-pipe tunnel where the particles of the secondary beam decay to generate
the neutrino beam. At the end of the decay pipe, an absorber pile removes the residual
particles.

The facility is designed for initial operation at proton beam power of 700 kW, with the ca-
pability to support an upgrade to 2.3 MW. In our reference design, extraction of the proton
beam occurs at MI-10, a new installation. After extraction, this primary beam follows a
straight compass heading to the far detector, but will be bent vertically upward for approx-
imately 700 feet before being bent vertically downward at the appropriate angle, 0.1 radian
(5.6°), as shown in Figure 1-5. The primary beam will be above grade for most of its length.

P

—

Decay Pipe Tunnel Proton Beamline o
To Far 250 m Long from Main Injector Main Injector
Detector 1230 Feet Long Accelerator
Muon Absorber Region  Absorber Hall Target Hal
1147 Feet Long 80 Feet Deep
Near Detector Hall
400 Feet Deep

Long-Baseline Neutrino Experiment

Figure 1-5: Schematic of the systems included in the LBNE Beamline subproject. The top of
the engineered hill is 22 m above grade, somewhat less than half the height of Wilson Hall, shown
on the right in the distance.

The target marks the transition from the intense, narrowly directed proton beam to the
more diffuse, secondary beam of particles that in turn decay to produce the neutrino beam.
The interaction of a single proton in the target creates, on average, four charged particles
consisting mostly of pions and kaons. These secondary particles are short-lived. Each sec-
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ondary particle decay generates a muon, which penetrates deep into the surrounding rock
and a neutrino that continues on toward the near and far detectors.

After collection and focusing, the pions and kaons need a long, unobstructed volume in which
to decay. This decay volume in the LBNE reference design is a pipe of circular cross section
with its diameter and length optimized such that decays of the pions and kaons result in
neutrinos in the energy range useful for the experiment.

1.3.2 Near Detector Complex

The LBNE Near Detector Complex (NDC), located downstream of the target, consists of
two detector systems, one for making measurements of muons in the beamline and the other
to measure the neutrino flux and spectrum. The NDC primary purpose is to maximize the
oscillation physics potential of the far detector. The scope and design of the ND are therefore
driven by the overall experiment’s requirements for neutrino-oscillation analysis, which will
not yet be known precisely by CD-1.

The Beamline Measurements system will be placed in the region of the absorber at the down-
stream end of the decay region. Three detector systems will be deployed to measure (a) the
muon-beam profile (with a grid of ion chambers), (b) the muon-beam energy spectrum (using
variable-pressure threshold gas Cherenkov detectors), and (c¢) the muon flux (by counting
the number of muon-decay Michel electrons in “stopped-muon detectors”).

The Neutrino Measurements system will be placed underground in the Near Detector Hall
450 m downstream of the target. The reference design consists of a a fine-grained tracker
with water as the target material. Based on the NOMAD detector, the upstream portion
of the detector consists of planes of straw tubes interspersed with planes of water targets
and the downstream portion consists of planes of radiators. The tracker is surrounded by an
electromagnetic calorimeter and the whole assembly is enclosed in a wide-aperture magnet
similar to the UA-1 design. Interspersed in the magnet yoke and surrounding the magnet
coils is a muon-identification system based on resistive-plate chambers (RPCs).

1.3.3 Conventional Facilities at the Near Site

The baseline design for the LBNE Project at the Near Site incorporates extraction of a
proton beam from the MI-10 point of the Main Injector, which then determines the location
of the NDC and supporting Near Site Conventional Facilities. The Near Site Conventional
Facilities not only provide the support buildings for the underground facilities, but also
provide the infrastructure to direct the beamline from the below-grade extraction point to
the above-grade target. See Figure 1-5 for a schematic of the experimental and conventional
Near Site facilities.

The LBNE Water Cherenkov Detector



Chapter 1: Introduction 1-11

Figure 1-6 shows a schematic longitudinal section of the entire Near Site, with an exaggerated
vertical scale of 3 to 1 to show the entire Project alignment in one illustration.
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Figure 1-6: LBNE Near Site schematic longitudinal section view

The beam will travel approximately 1,200 ft (366 m) through the proposed Primary Beamline
Enclosure to the Target Hall and through focusing horns and a target to create an intense
neutrino beam that will be directed through a 656-ft (200-m) long decay pipe through a
hadron absorber where the beam will then leave the Absorber Hall and travel 689 ft (210 m)
through bedrock to the NDC, to range out (absorb) muons, before reaching the Near Detector
Hall. The neutrino beam will then pass through the NDC before continuing through the
Earth’s mantle to the Far Site.

The Near Site Conventional Facilities LBNE Project layout at Fermilab, the “Near Site”, is
shown in Figure 1-7. Following the beam from east to west, or from right to left in this fig-
ure, is the underground Primary Beamline Extraction Enclosure, the underground Primary

Beamline Enclosure/Pre-target Tunnel and its accompanying surface based Service Building
(LBNE 5), the in-the-berm Target Complex (LBNE 20), the Decay Pipe, the underground
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Absorber Hall and its surface Service Building (LBNE 30), and the underground Near De-
tector Hall and its surface Service Building (LBNE 40). The Project limits are bounded by
Giese Road to the north, Kautz Road to the east, Main Injector Road to the south, and
Kirk Road to the west.
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Figure 1-7: LBNE Overall Project Layout at Fermilab

1.3.4 Water Cherenkov Detector at the Far Site

The signal in water Cherenkov detectors (WCDs) is well understood. When charged particles
travel faster than the speed of light in a transparent medium such as water, they emit
Cherenkov light. The Cherenkov radiation emitted by particles traversing the detector and
interacting in the fiducial volume of the WCD are detected by an array of photomultiplier
tubes (PMTs) that surround the fiducial volume of the WCD. The photons radiate out in a
cone, the angle of which, relative to the track direction, is related to their velocity (8/n); in
water the angle is about 41°. The emitted photons thus project a ring pattern on the opposite
side of the detector (distorted somewhat, due to the cylindrical geometry). The projected
ring pattern has a finite width dependent upon the length of the track (i.e., emissions from
the vertex end of the track project a ring of higher radius than those from the near end).
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Ignoring scattering, all hits at a particular radius effectively correspond to the same segment
of track.

Accurate and precise timing of the PMT hits is of paramount importance in reconstructing
the signal for analysis. For a given radius (or track segment), the Cherenkov photons will
hit some parts of the distorted ring before others, depending on the angle of the track (and
the emitted photons) relative to the detector geometry and PMT placement. Thus the hit
times at a given radius correspond to the locations of the corresponding track segment in the
water volume. For very short tracks the ring structure is not as well defined, due to the low
number of PMTs hit. However, from the emission angle, the spatial extent and the timing
of the “cluster” of hits, the vertex can be reconstructed, albeit less accurately.

The performance of the PMTs and the quality of the signal path to the data acquisition
system, discussed in Chapter 3, directly affect the energy and position resolution, particle
identification and background rejection, which in turn determine the physics reach of the
experiment. Other important parameters driving the physics potential of this detector include
the volume, the PMT coverage as a fraction of the surface area, the number of photosensors
(i.e., the granularity of coverage), and the detector depth.

Large water Cherenkov detector volumes are very cost effective since the detector medium,
water, is inexpensive. The number of signal detectors (PMTs), which is one of the main
cost drivers, increases as the surface area of the detector rather than the volume, that is
as (Volume)?/3. The natural limits of detector diameter are determined by the size of the
excavation permitted by the rock strength parameters while the detector height is limited
by the water-pressure tolerance of the PMTs. The attenuation length of the light in pure
water is on the order of 80-100 m at the relevant wavelength, so it is not a limiting factor.
This leads us to the design of a 200 kTon fiducial mass detector at the Homestake 4850 level
(4850L).

1.3.4.1 Historical Precedents

There are a number of precedents for the construction and operation of large underground
water Cherenkov detectors. The first of these to use hemispherical photomultiplier tubes was
a 300-ton detector constructed in 1978 in the water shield that surrounded the Homestake
chlorine solar-neutrino detector. This was followed in 1982 by the 8-kTon Irvine-Michigan-
Brookhaven (IMB) detector in the Morton Salt Mine in Fairport Harbor, OH and in 1983 by
the 3-kTon Kamiokande detector in Japan. In 1996 the 22.5-kTon fiducial volume (50-kTon
total mass) Super—Kamiokande detector began operation in Japan followed in 1998 by the
Sudbury Neutrino Observatory (SNO) in Sudbury, Canada with 1 kTon of heavy water and
1.7 kTon of light water.

The successful operation of previous underground water Cherenkov detectors as well as the
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successful detection of neutrinos at sites distant from the initiating accelerators have demon-
strated the feasibility of this experimental effort. The recent announcement[2] by the T2K
collaboration that the Super-Kamiokande detector has successfully detected electron neu-
trinos in a muon neutrino beam from the J-PARC accelerator is a clear demonstration that
massive water Cherenkov detectors can successfully carry out the desired physics program.
The four times longer LBNE baseline and the order of magnitude larger fiducial volume of
the LBNE WCD over that of the Super—-Kamiokande detector will permit far more sensitive
probes of the parameters of neutrino oscillations. The larger mass will also allow farther
reaches of other non-accelerator scientific issues.

Our proposed WCD is an enlarged and improved version of the highly successful Super—
Kamiokande detector, with a fiducial mass about nine times that of Super-Kamiokande, a
much deeper location resulting in a smaller cosmic ray flux, and improved response photo-
multipliers. The singular negative aspect of massive underground water Cherenkov detectors
was the chain reaction photomultiplier implosion that occurred at Super—-Kamiokande in
November 2001 following a drain of the detector and replacement of a number of the pho-
tomultipliers. This event was carefully studied by the Super—-Kamiokande group and photo-
multiplier housings to prevent recurrence were installed. We have considered this occurrence
very carefully and have made provisions to prevent such an event in our photomultiplier
system.

1.3.4.2 Scientific Requirements

The scientific requirements for a water Cherenkov far detector for LBNE include:

e Total fiducial mass of at least 200 kTon

e 4000 meters-water-equivalent (m.w.e) of overburden to reduce the cosmic background
rate to the 0.1-Hz level

e PMT coverage, efficiency, and a low radioactivity environment adequate to detect 5-
MeV electrons

e Water-purification system to maintain an attenuation length of 90 m at a wavelength
of 420 nm

A detailed study of depth requirements for the main physics topics of interest is described
in reference[9]. Table 1-1 summarizes the results of the study for a water Cherenkov de-
tector. The conclusion was that a water Cherenkov detector should be located on the main
Homestake campus at 4850L.
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Table 1-1: Depth requirements in meters-water-equivalent (m.w.e.) for different physics
measurements[9)].

| Physics | Depth (m.w.e) |
Long-baseline accelerator 1,000
Proton Decay > 3,000
Day/Night ®B Solar v ~ 4,300
Supernova burst 3,500
Relic supernova 4,300
Atmospheric v 2,400

Detecting neutrinos and antineutrinos from a variety of extra-terrestrial sources, such as the
sun, prompt supernova bursts and ancient supernovae, involves the detection of neutrino
secondaries in the 5 MeV and above energy range. In addition, nucleon decay in 60 results
in the emission of a gamma or several gammas with a total energy of 6 MeV. Detection of
astrophysical neutrinos and nuclear decay is enhanced by having our detector sensitive to
~5 MeV secondaries.

1.3.4.3 Reference Design

The LBNE water Cherenkov detector consists of a very large excavated cavity in a very
strong and stable rock formation. The cylindrical cavity will be lined with a smooth liner
and filled with extremely pure water. The reference design calls for a total water mass of
266 kTon and a fiducial mass of 200 kTon. PMTs will surround the fiducial volume on the
top, bottom, and around the perimeter. The wall PMTs will be suspended by cables about
half a meter from the inner surface of the liner. The top and floor PMTs will be mounted to
the structural framework. Each PMT will be connected via cable to readout electronics on
the balcony above the water detector. The baseline design includes a top veto region, which
will consist of an array of horizontally-oriented PMTs optically separated from the rest of
the detector. The veto will be used to tag cosmic ray muons that enter the detector from
above that form a background for astrophysical neutrino measurements.

Provisions will be made to fill the detector with purified water and to recycle this water
through the purification system and cool it. There will be provision to periodically calibrate
the detector and monitor its status and performance. Finally, there will be provisions to
prevent radon contamination of the detector water.

The optimum shape of the detector from excavation considerations at this site is a vertical
circular cylinder. There are two limitations on the maximum diameter: the light attenuation
length in water (~90 meters) and the maximum rock excavation diameter that does not
require extraordinary rock support. The studies of both the Large Cavity Advisory Board
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and Golder Associates concluded that an excavated cylindrical cavity with a diameter of 65
meters was completely feasible and cost efficient.

Table 1-2 summarizes the important detector parameters. Table 1-3 shows the reliability
and maintainability minimum lifetimes of LBNE excavations, construction and installed
components.

The major detector components are (1) the water containment system, (2) the photomul-
tiplier mounting, housing and cable system, (3) the electronics readout and trigger system,
(4) calibration procedures, (5) the water purification and cooling system, and (6) event re-
construction and data analysis. Each of these is described in detail in the following chapters.
Here we will provide a summary of each of these systems with a few comments.

1. Water Containment System The chamber excavation in the rock provides both space
for the detector volume and the containment walls for the detector water. The finished
excavation space is a vertical cylinder that has a diameter of 65 meters and height of
81.3 meters and is topped by a domed roof whose center rises 16 meters above the
top of the vertical cylinder. The excavation is to provide a “smooth” cylindrical rock
surface. Additional treatment of the rock surface is intended to (a) prevent seepage of
water from the rock into the detector, (b) prevent leakage of water out of the detector,
and (c) prevent leaching of minerals out of the rock into the detector water. These
requirements are met by installing a drainage layer against the rock surface before
covering the rock with shotcrete and then installing a polymer membrane over the
shotcrete. These membrane liners are commonly used for waterproofing, roofing, or
tank liner material.

2. Photomultiplier System The photomultiplier system is the heart of the detector and
so the most critical component. The reference design includes 29,000 PMTs, each of
which has a 12-inch diameter hemispherical photocathode. The relative quantum effi-
ciency of these PMTs is about 1.5 times that of the PMTs used in Super-Kamiokande.
In addition, we are considering light collectors to increase the light collection of these
PMTs. The light collection efficiency of the various schemes under consideration en-
hances the amount of light collected by a factor of 1.4 to 1.6.

The baseline configurations for the number of PMTs, quantum efficiency, and light
collector performance have been set so the detector will have an effective PMT surface
coverage of at least 20%. The Super—-Kamiokande detector took data for several years in
a configuration with 20% coverage, and thus it has been proven that a WCD with this
coverage can successfully separate electrons and 7%’s. This is the minimum coverage
for which the performance has been experimentally validated. Our risk registry and
contingency include sufficient funds to maintain this coverage in the case where the
light collectors do not work as expected.

The structural framework for mounting the photomultipliers is referred to as the PMT
Installation Unit (PIU). The PMTs will be mounted onto vertical cables that run from
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Table 1-2: A summary of the important water Cherenkov detector design parameters.

|

Detector Design Parameter

| Value

Fiducial Volume

200 kTon (200,000 m?)

Location Homestake 4850 ft level

Shape Right circular cylinder

Cylinder Excavation Dimensions 65.6 m diameter x 81.3 m height
Dome Height 16 m

Vessel Liner Dimensions

65 m diameter x 80.3 m height

Water Volume Dimensions

65 m diameter x 79.5 m height

Total Water Volume

263,800 m*

Distance from Neat Line to PMT Equator

0.85m

Dimensions of Instrumented Volume

63.3 m diameter x 76.6 m height

Instrumented Volume

241,000 m?

Fiducial Volume Cut

2 m

Fiducial Volume Dimensions

59.3 m diameter x 72.6 m height

Number of PMTs

29,000

PMT Diameter

12 in (304 mm)

Peak QE of PMTs (at 420 nm) 30%

PMT Spectral Response 300-650 nm

PMT Transit Time Spread 2.7 ns

Light Gain from Light Collectors 41%

Max Water Pressure on PMTs 7.9 bar

Number/Type Veto PMTs 200 x 12in

Water Fill Rate 250 gal/min (0.95 m?/min)
Detector Fill Time 195 days

Water Circulation Rate 1200 gal/min (4.5 m3/min)
Water Volume Exchange Time ~40 days

Water Temperature 13°C

Electronics Burst Capability >1 M events in 10 s
Electronics Time Resolution <1 ns

Electronics Dynamic Range 1-1000 PE

Timing Calibration <1 ns

PMT Pulse Height Calibration <10%

Radon Content < 1 mBq/m?
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Table 1-3: The reliability and maintainability minimum lifetimes of LBNE excavations, construc-
tion and installed components.

| Component | Lifetime |
Excavations 30 years
Non-maintainable construction and components || 20 years
Upgradable components (shutdown required) 10 years
Maintainable construction and components by service life

the top of the detector to its base. This is a simple mounting system. The alternatives,
which were rejected, were to either mount the PMTs to the rock walls of the excavation
which involves multi-thousand holes through the water sealing polymer liner or to
construct a massive 80 meter high internal structure to hold the PMTs.

The photomultiplier system consists of six parts, (a) the tube itself, (b) the light
collectors, (c) the base circuitry, (d) the cable connecting the base to the surface, (e) the
housing and (f) possibly a magnetic shield (as an alternative if magnetic compensation
coils are not installed around the water containment vessel). The PMT, base, housing,
and cable assembly is collectively referred to as a PMT assembly (PA).

Two types of light collectors are being considered. The first is a cone that extends be-
yond the photomultiplier tube diameter and directs light toward the tube photocathode
that would otherwise miss that photocathode. The second type is a wavelength-shifting
plate with a central hole that accommodates the PMT and and outside diameter about
twice that of the photomultiplier. Light that impinges on the plate will be wavelength
shifted and then piped through the plate to the edge region of the photomultiplier
tube. The estimated increase in light collection is 40-60%.

Water transparency can be affected by all the materials in contact with the water.
This includes the materials used for the PMT mount, the base, the housing, the cable
cover, the light collectors, the magnetic field shield and the detector liner. These parts
either should not leach undesirable materials into the water or should be coated with a
material that prevents such leaching. Chapter 6 identifies material compatibility testing
being performed to mitigate this issue.

An additional consideration for the photomultipliers is compensation for the Earth’s
magnetic field. At the location of the Homestake Mine, the Earth’s magnetic field has
a dip angle of about 70° and so is primarily downward with a small horizontal compo-
nent. Without magnetic field compensation, there will be a distortion of the electron
path from photocathode to first dynode and a resulting reduction of photoelectron col-
lection efficiency that depends on the orientation of the photomultiplier tube. Two field
compensation systems are being considered. One involves a set of coils that completely
surround the detector and cancel out most or all of the Earth’s magnetic field. The
second, passive system involves a mu-metal shield around each photomultiplier tube.

3. Electronic Readout and Trigger System The electronic readout and trigger system
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will be an updated version of that used by Super—Kamiokande and SNO using newer
versions of electronic components and computer systems. Fortunately, members of the
LBNE collaboration were involved in the development of both the Super-Kamiokande
and SNO electronics and so we have the necessary expertise on hand. The large number
of photomultipliers means that there will be a very large number of cables running from
the photomultiplier tubes to the front end electronics. The plan is to locate the front
end electronics on a balcony inside the detector chamber above the water level of the
detector. The farthest photomultiplier tubes will then have a cable length of about
150 meters. The trigger system reference design is for a software trigger in which all
single-PMT-hit data gets forwarded to processors that look for correlations. A hardware
trigger is also included in the design as both a backup to the software trigger and a
diagnostic tool.

4. Calibration Systems The WCD calibration system will have five largely independent
subsystems: water transparency, PMT calibration, energy calibration, vertex resolution
and particle identification efficiency, and detector environmental monitoring. Water
transparency will be monitored by measuring the light attenuation length both in situ
(using cosmic rays, light sources, and a portable commercial system) and externally by
taking samples of the water. The PMT calibration system will consist of a pulsed laser
light source, an optical fiber for a light guide, and a light-diffusing ball located near the
center of the water volume. The PMT calibration will be run along with regular data-
taking at a low rate. Energy and vertex calibration will be performed using naturally
occurring events in the detector (cosmic muons, Michel electrons, etc) and radioactive
sources. The use of a high-energy electron accelerator is also being considered for en-
ergy calibration. Finally, the detector environmental monitoring system will constantly
monitor the temperature, pH, and resistivity of the water. Additionally, radon content
and biologic activity in the water will be periodically checked.

5. Water Purification and Cooling To maintain water transparency and avoid back-
grounds from radioactive contaminants in the water, the water must be highly puri-
fied. Fortunately, numerous industrial systems require water purity at or above the
level necessary for this detector and so such systems are readily available. The system
required for this detector will purify and cool the water that is used to fill the detector
and continuously recycle the detector water. This system will remove impurities in the
water that have been leached from the detector materials in contact with the water,
remove biological growth in the water and lower the temperature to compensate for the
heat flow into the water from the surrounding rock and the PMT bases. The cooling
of the detector below its natural steady state will reduce the potential for biological
growth. Based on experience with other water Cherenkov detectors, notably Super—
Kamiokande, the radon levels in the water can be held at the level of a few mBq/m?.
At this level, triggers from radioactivity in the water will be negligible.

The water system was designed to minimize the amount of electrical power consumed,
and provide for both disposal of waste water and later addition of extra features to the
detector fill. One of these is the addition of gadolinium to the water to increase the

LBNE Conceptual Design Report



1-20 Chapter 1: Introduction

sensitivity of the detector to anti-electron neutrino detection.

6. Event Reconstruction and Data Analysis The computing effort provides and man-
ages the systems and software required for the collaboration to perform detector sim-
ulations, to collect data from the DAQ, process it, transfer it, archive it and perform
data analysis. In terms of event reconstruction, there is a strong similarity between
reconstruction in the LBNE WCD and that which was and is being used by SNO,
Super—Kamiokande, and MiniBooNE (an 800-ton mineral oil Cherenkov detector at
Fermilab). The differences between these experiments and LBNE (the number and
location of PMTs, the time resolution and spatial extent of each PMT, the larger de-
tector diameter of the detector, choice of light collectors, etc.) will have an impact on
reconstruction, but these issues are well understood. Our performance assumptions for
event reconstruction have a firm basis in operating experiments.

1.3.4.3.1 Enhanced Physics Capabilities

The addition of gadolinium to the WCD allows the detection of low-energy neutrons, which
would allow the tagging of electron antineutrinos. Such a capability would enhance physics
sensitivity in the areas of supernovae, proton decay and cosmological neutrino measurements.
Considering that the detector will run for 20 years or more, a detector with the broadest
capability is desirable. The reference design preserves the option to add gadolinium either
during initial installation or at a later date. This means we will require from the beginning
that the water system and all materials used in the detector are compatible with gadolinium.

One important factor for achieving a low energy threshold is limiting backgrounds from
radioactive impurities in the detector components. Limiting this contamination is partic-
ularly important in preserving the possibility of adding gadolinium. The reference design
thus includes a plan for maintaining systematic cleanliness and radioactivity requirements
throughout the manufacturing and construction processes, as contaminants are difficult to
remove once introduced.

We are currently studying the cost of the gadolinium option. The cost will be dominated by
the additional PMTs needed to ensure sensitivity to the gamma cascade following a neutron
capture on gadolinium. Chapter 9 covers the additional requirements for implementing the
gadolinium option, a phase not included in the present reference design.

1.3.4.3.2 Alternatives

There are other detector design alternatives that are still being considered. These are: 1)
a free-standing PMT installation unit (PIU) instead of linear PIU deployment of the wall
PMTs, 2) a concrete vessel formed against the cavity shotcrete to replace the liner mounted
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directly on the cavity walls and 3) a thin muon veto. These alternatives are discussed in
Chapter 10.

A number of other alternatives considered as part of the value engineering process are dis-
cussed in Chapter 11.

1.3.4.4 Detector Performance

The Super-Kamiokande WCD has been successfully operating for more than 15 years. The
performance assumptions we use to evaluate physics sensitivities for LBNE are based on
Super—Kamiokande detector simulation and reconstruction algorithms. Super-Kamiokande
simulation predictions have been validated against Super—Kamiokande data, including both
astrophysical data and beam neutrino data.

A WCD simulation package (WCSim) has been developed for LBNE. The predictions of
WCSim are currently being compared with the corresponding Super—Kamiokande simula-
tion predictions. Event reconstruction tools for LBNE are also in development. Although
tremendous progress has been made, these tools are not yet refined enough to produce re-
liable performance evaluations. Thus we rely on the experience of Super—-Kamiokande to
produce experimentally well-justified assumptions for our detector performance.

This section includes a description of the reconstruction performance achieved in Super—
Kamiokande. Note that Super-Kamiokande has had several run periods with different de-
tector configurations. In the SK-I period, the photocathode coverage was 40%. During the
SK-II period, the coverage was reduced to 20%. We then summarize the main reconstruction
performance requirements for the LBNE WCD.

Neutrino events are required to have a reconstructed event vertex inside the fiducial vol-
ume of the detector. Vertex resolution in Super-Kamiokande for fully contained, single-ring,
electron-like events is ~30 cm for sub-GeV rings and ~50 cm for multi-GeV rings. For fully
contained single ring muon-like events, the vertex resolution is ~25-30 ¢cm[10]. The vertex
resolution is similar for SK-I and SK-II. While the vertex resolution does not strongly depend
on the coverage, it will depend on granularity and PMT timing.

The neutrino energy for single-ring beam neutrino events can be reconstructed assuming the
event was a charged-current quasi-elastic interaction, vyn — ¢~ p using the following formula:

EloptonMN — 2m?
fept
E, = D 2 _cpen (1.1)

my — Elepton + Diepton COS elepton

where Flepton, Miepton; Plepton; ald Giepton are the electron or muon energy, mass, momentum,
and angle with respect to the beam direction and my is the nucleon mass. (The binding
energy of oxygen is ignored in this expression.) The momentum resolution is ~3% (~4.5%)
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for 1 GeV/c electrons in SK-I (SK-II) and the electron angular resolution is ~ 3° (1.5°) for
sub-GeV rings (multi-GeV rings)[10] (similar for SK-I and SK-II). Taking into account these
resolutions, the Fermi motion, and the effect of contamination from non-quasi-elastic events
in the selected sample, the electron neutrino energy resolution is expected to be ~10% at
1 GeV[11]. The momentum resolution for 1 GeV/c muons is ~2% (~3%) in SK-I (SK-II).
The muon angular resolution is ~ 2° for sub-GeV rings and ~ 1° for multi-GeV rings (in
SK-T and SK-IT).[10].

The Sun emits low energy electron neutrinos, and supernovae emit low energy neutrinos and
anti-neutrinos. We anticipate a detection threshold of about 5 MeV. The electron energy
resolution at 10 MeV is 14% (21%) for SK-I (SK-II). The vertex resolution (the precision
with which the origin of single low-energy electron tracks can be determined) is 87 (110) cm
for SK-I (SK-II), and the electron angular resolution is 26° (28°) for SK-I (SK-II)[12].

The relationship between the photocathode coverage and the hardware threshold is shown
in Figure 1-8. This plot was made based on observations from Super-Kamiokande [13,14]
and SNO[15]. The larger the photocathode coverage, the lower the energy threshold, though

Hardware Threshold (MeV)

20 25 30 35 40 45 50 55
Coverage (%)

Figure 1-8: Hardware energy threshold vs. photocathode coverage from Super—Kamiokande and
SNO [13,14,15]

the threshold is limited by the rate of natural background radiation.
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The requirements on the reconstruction depend on the physical processes being studied.
High-energy events (like beam neutrinos) have different requirements than low-energy events
(like solar neutrinos). Overall requirements have been collected and documented[16], and a
select few that mostly pertain to reconstruction of beam events are given here along with
the expectation based on the achievements of Super—-Kamiokande.

Position: The event vertex position is important for correcting the recorded light by the
PMTs for the effect of light attenuation in water. It is also important to determine if
an event is incoming or contained. The vertex reconstruction resolution and precision
must be significantly less than one meter for all event types. The vertex resolution for
single muons or electrons should be better than 30 cm.

Timing: The absolute time of the interaction must be reconstructed with resolution and
precision significantly less than the ~10 us pulse from the accelerator. Based on the
position requirement the relative timing resolution from vertex fitting is expected to
be better than 1 ns. The absolute time of the event is required to be recorded with an
accuracy of less than 10 ns.

Direction: The angular resolution of electrons and muons will range from 3° to 1.5° at 1
sigma over the energy range of 100 MeV to several GeV.

Energy: The energy resolution is driven largely by the number of PMTs but, as stated
above, vertex resolution enters into energy resolution through corrections for light
attenuation in water. The measured energies of single muons and single electrons will

have a precision better than 4.5%/,/E/GeV.

Pattern Recognition: The reconstruction must be able to determine with >90% efficiency
that an event has two rings when there are two trajectories above Cherenkov threshold
from a common vertex and the angle between them is greater than ~ 20° .

e/u Particle Separation: Separation between single-ring, electromagnetic showers and track-
like events (u and charged 7) should be achieved with >90% efficiency and a factor of
>100 background rejection at 1 GeV.

1.3.5 Conventional Facilities at the Far Site

The main civil construction required for the WCD is the excavation of the large cavity that
will house the vessel and water-tight liner on the inside of the cavity. This excavation must
remain stable for considerably longer than thirty years. The civil construction is discussed
in more detail in Appendix A. Although this excavation is extremely large, the largest at
these depths, it does not present extraordinary challenges. Studies of the rock characteristics
have been going on for several years. The DUSEL Project engineering team, together with
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world-renowned mining engineers, the Large Cavity Advisory Board, concluded that this
excavation is feasible and represents neither unusual risks nor unusual technical challenges.

The civil construction also involves several access and service tunnels of fairly conventional
design. One of these will house the water purification system and will require water piping
to the surface to bring in fresh water and provide for transfer of the detector fill water to the
surface in case the detector needs to be emptied. The piping required in the shaft for these
purposes is small compared to that previously used by the Homestake Mining Company and
so presents no unusual demands. In addition, we plan to maintain the detector fill water
at 13°C, about 17°C below ambient, and will have to operate a cooling facility as part of
the water purification system. The cooling power required is modest, 100200 kW and again
does not involve any unusual requirements.

The civil construction will require large quantities of various construction materials. Since
the underground environment has limited staging and storage space, careful planning will
be required in the sequencing of transport of materials underground and in the availability
of the hoists.

In summary, the civil construction does not present any unusual challenges, but will require
careful evaluation, careful attention to details and carefully supervised execution.
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2 Water Containment System (WBS 1.4.2)

This chapter describes a reference design for the WCD Water Containment System. This
system will need to contain roughly 264 kTon of purified water in a single volume at 4850L,
withstand the pressure of the water, support the Photon Detection System™* inside the water
volume.

The scope of the Water Containment System includes these four principal components:

1. A vessel-and-liner system that contains the water, called the Water Cherenkov Vessel

(WCV)

2. A deck on top of the vessel that closes the detector and houses the electronics and
services

3. A support system for the photon detectors and their cables
4. Ancillary equipment, including in-vessel water distribution, water-collection and magnetic-

compensation systems

Figure 2—1 shows a simplified, conceptual model of the water containment system, consistent
with the cavity design. The model is fully 3-dimensional.

2.1 Water Containment Reference Design Overview

We have selected a vertical, right-cylinder geometry for the detector based on geotechni-
cal studies. We have defined a series of cylindrical volumes within the containment vessel
representing regions of interest, as follows.

*The Photon Detection System is described in Chapter 3.
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Figure 2—1: Overall 3D model of 200 kTon detector
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2.1.1 Main Detector Configuration (WBS 1.4.2.1)
e The fiducial volume, defined for oscillation-physics studies, is 200 kTon (as discussed
in Section 1.3.4.3).

e The PMT apex region is the cylindrical surface defined by the apex of the glass domes
of the installed photon detection devices, called PMTs. This cylinder has engineering
significance in positioning of PMTs.

e The sensitive volume extends to the virtual surface touching the equators (maximum-
diameter circumference) of the installed PMTs, defining the volume of PMT light
collection. A thin, opaque sheet will be placed at the boundary of this volume.

e The water volume is the total water in the detector.

e The vessel volume is the total volume enclosed by the liner and the enclosure at 4850L.

Table 2—1: Dimensions of the water-volume regions of interest

| Region || Description | Diameter (m) | Height (m) | Volume (m”) |
Fiducial Detector fiducial volume 59.3 72.6 200,510
PMT Apex || Volume to apex of PMTs 63.1 76.4 238,530
Sensitive Volume to equator of PMTs 63.3 76.6 241,060
Water Water volume 65.0 79.5 263,800
Vessel Vessel volume 65.0 80.3 266,460

We have designed a freeboard (vertical distance within which the water height is allowed to
vary) of 0.2 m above the water level to ensure that water does not overflow the vessel, and
an additional 0.6 m to accommodate structural components of the deck. This provides 0.6
to 0.8 m of head space above the water which we seal and fill with radon-free gas regulated
to remain at a pressure slightly above local air pressure. The water pressure at the bottom
of the vessel will be 786 kPa (114 psi) (gauge pressure).

A dome area over the detector houses the main deck of the detector and most equipment for
detector operations. It is a semi-ellipsoid with a circular base, and has a major (horizontal)
axis of 65 m and and a minor (vertical) axis of 32 m. (Dome height above detector is 16 m)

Figure 2-2 shows the overall size and approximate configuration of the vessel and deck inside
the large cavity. The inner-most region is the fiducial volume.

The reference design must allow for 29,000 PMTs placed around the “apex” cylindrical
perimeter and top and bottom of the vessel. The approximate distribution is shown in
Table 2-2. Figure 2-3 shows the approximate layout of the PMTs on the perimeter wall,
floor and deck. The spacing between adjacent PMTs is approximately 0.9 m.
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Figure 2-2: Overall dimensions and configuration of the 200 kTon detector

2.1.2 Top Veto Region (WBS 1.4.2.10)

The baseline design of the water Cherenkov detector (WCD) for LBNE includes a “top
veto” system to tag cosmic muons entering the fiducial volume of the WCD, a potential
background to atmospheric neutrino measurements. A system is under design consisting of
an array of horizontally oriented PMTs mounted within the PMT support framework in the
approximately 1.8 m space between the deck and the light barrier (Figure 2-4). A cosmic
muon is tagged when one or more of the veto PMTs detects the Cherenkov light it generates
when it passes through the “top veto region” of water depth. The depth of this region will
be optimized for the muon to have a sufficiently long path length for the cosmic muon to be
detected with a specified efficiency.

The number and spacing of the PMTs in the top veto system have not been fully determined.
Previous studies and simulations[17,18] suggest that a PMT spacing of 4 m or less provides
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Table 2-2: Distribution of PMTs
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Figure 2-3: Layout of PMTs inside the detector

complete geometrical coverage for cosmic muons entering the fiducial volume from the top.
The present design of the PMT framework beneath the deck indicates a spacing of 86 cm for
the downward-facing PMTs. This suggests a preliminary design of one veto PMT per 4x4
unit of downward-facing PMTs for a total of approximately 200 top veto PMTs. The baseline
design for the top veto uses 12-inch PMTs that are identical to the PMTs used throughout
the detector. To increase reflectivity, support structures and services in the veto region will
likely be covered with reflective material such as Tyvek®). A timing calibration system will
also be required, perhaps consisting of strings of LEDs or laser light delivered by optical
fibers.

The results of trade studies, simulations, and tests performed on elements of the top veto
system will inform the final design. Cost savings might be achieved if a less expensive PMT
is used or if the PMTs used in the veto system were recycled from another experiment such
as MiniBooNE. The re-used PMTs would all have to be tested and potted to be waterproof,
which would require significant development cost.
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Figure 2—4: Configuration of top veto region (dimensions in cm)

2.2 \Vessel-Cavern Interface

The excavation of the cavity will be studied and optimized, as described in Volume 6, in
parallel with the water-vessel design process to ensure full compatibility of design between
the two. A close working relationship between the vessel and conventional facilities groups
has been established and will be essential in optimizing cost and schedule for the overall
far-site development.

The separation of responsibility between the cavern and the vessel occurs at the neat line
(see Figure 2-2), defined as a virtual surface, ideally right along the wall-vessel interface,
but due to surface unevenness, slightly inward toward the open space such that no point of
the cavern rock or ground stabilization system crosses it.

The diameter of the neat line is 65.38 m. The inner diameter of the vessel is 65 m. The
height of the cylindrical surface defined by the neat line is 81.3 m, the difference between
4850L and 5117L. This height allows for the 80.3 m vessel inside-height plus 1 m allowance
for structural, waterproofing, and other components of the vessel floor.

The circular base of the dome sits directly on top of the neat-line virtual cylinder and is
shown in Figure 2—2. The dome forms the upper part of the neat-line virtual surface.
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The ground-water and vessel leak-water collection systems are also part of the of vessel and
cavern interface. These are explained in later sections.

2.3 Vessel and Liner (WBS 1.4.2.2)

The vessel-and-liner consists of two main components integrated into one system:

1. Vessel: defined as all components required to contain the water and collect the leakage

2. Liner: defined as the water-proofing components required to seal the water within the
vessel.

This system interfaces with the PMTs and water on the inside and to the cavern on the
outside. The top of this system interfaces with the deck.

2.3.1 Design Considerations

The vessel wall and floor, as well as liner, are very challenging aspects of the overall vessel
design. They must withstand the hydrostatic pressure of the water with minimal structural
impact. They must also allow for groundwater and leak water collection without pressure
buildup on the outside of the liner. Long-term stability of the cavern rock walls is critical to
the longevity of the vessel walls.

The liner layer will be applied over the entire vessel wall and floor and prevents purified water
leakage through the vessel. The liner just rests on the floor, but it requires attachment to
the wall. The liner thickness depends on the material and on the manufacturing and joining
techniques.

The wall and floor will have structural anchors, appropriately sealed to the liner, for attach-
ment of the detector components.

Four factors determine the requirements for the liner layer:

Effects of liner on ultra-pure water.

Long-term effects of ultra-pure water on the liner.

Long-term strength and durability.

Leak rate within collection and top-off capacities.
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2.3.2 Vessel and Liner Conceptual Design Contract

The conceptual design of vessel and liner have been contracted to a consortium of firms with
appropriate expertise and experience in the field of underground geotechnical engineering
and construction. Suitability of contractors was based on the following qualifications:

e Demonstrated civil engineering expertise and large underground construction experi-
ence

e A successful record of accuracy in previous scheduling and estimating work with similar
projects

e Professional engineers on staff for review and approval of work

e Experience working with U.S. Department of Energy (DOE), or other government
agencies.

The firms provided qualified personnel to evaluate civil engineering and constructibility, as
well as to estimate the cost and schedule of vessel and liner construction.

CNA Consulting Engineers, a firm with both NSF and DOE experience, was chosen as the
primary consultant. This firm will be responsible for technical coordination within the de-
sign team, coordination with LBNE, coordination with Sanford Laboratory cavity designers,
sealing and lining of rock excavations, sealing and lining of free-standing water containment
vessel, WBS development and maintenance, concept evaluation criteria, constructibility re-
view, and report preparation.

Hatch Mott MacDonald, a firm with underground science experience was a subcontractor
and for risk assessment, construction cost, construction schedule, material handling, and
constructibility.

Simpson Gumpertz & Heger, a subcontractor with DOE experience was chosen to handle

structural analysis, seismic analysis, sloshing, sealing and lining.

2.3.3 Design Methodology

The design methodology involved evaluation of three concepts:

1. Vessel wall not supported on the rock wall In this method the vessel wall is inde-
pendent from the rock wall and has the necessary strength to resist the internal water
pressure. It also has sufficient stability and rigidity to stand alone with or without
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internal water pressure. The motivation for this option is to decouple the rock wall
from the vessel wall in order that possible instability of the rock wall does not impact
the vessel wall.

2. Vessel wall supported directly on the rock wall The motivation for this choice is to
take full advantage of the rock around the vessel to resist the internal pressure of the
water. This could result in the most efficient design in terms of cost and schedule. The
stability of the rock wall is critical to and directly influences the design of the vessel
wall.

3. Vessel wall pressure balanced by water In this method the internal water pressure
is balanced by external water pressure. The motivation for this option is to reduce the
required strength of the vessel wall and thereby optimize cost and schedule.

These three options are shown schematically in Figure 2-5.
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Figure 2-5: Vessel design options (figure credit CNA Engineers)

Construction schedule for the vessel is one of the most critical aspects of the overall project
schedule. There are two basic approaches for vessel construction:

1. The entire cavern is excavated before the vessel construction starts.

LBNE Conceptual Design Report



2-34 Chapter 2: Water Containment System (WBS 1.4.2)

2. The vessel construction is concurrent, in part or in whole, with cavern excavation.

Each of the construction methods has been studied within this context. Reference and al-
ternate designs have been chosen and a brief summary of the reference design is included
here. A conceptual design report has been submitted by the consortium of firms listed in
Section 2.3.2 and included as a reference for this document[19].

2.3.4 Reference Design for Vessel
The reference design is a vessel supported directly on the rock wall as shown in Figure 2-6.
The vessel structure takes full advantage of the stabilized rock wall. This is for two main
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Figure 2—6: Reference design of vessel and liner as integrated with rock

reasons:

1. Geotechnical studies indicate that the rock wall is very stable and an additional con-
crete vessel is not required.
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2. Minimizing cost is a critical consideration and with this option the cost of a separate
vessel is avoided.

The sequence of the construction is planned as follows:

1. As the cavern is excavated the ground water collection system, rock stabilization with
steel reinforcing mesh and first layer of shotcrete are installed. The ground water collec-
tion layer consists of drainage strips placed as needed with collection pipes to channel
the water to the collection system at the bottom of the cavern.

2. Magnetic compensation coils are installed on the shotcrete surface. Connection and
junction boxes are also installed and tested.

3. Another layer of shotcrete is installed to cover the magnetic compensation coils and
junction boxes and to smooth out the surface for installation of the liner.

4. A detector leak-water collection layer is installed on the second shotcrete layer. This
collection layer is continuous under the entire liner on the wall and on the floor.

5. A final liner layer is installed and leak tested. Attachments and anchors are also in-
stalled and leak tested at this time.

The precise division of responsibilities between cavern excavation and liner construction, and
the scope of work for each, will be determined during later phases in the project.

2.3.5 Reference Design for Liner

The liner will provide the sealing layer between the water and the vessel. In addition, the
liner has a layer for collection of leak water from within the detector.

The liner is the primary water containment layer and it must limit leakage out of the vessel
while preventing impurities from the vessel to enter the water. In addition, it must be resistant
to long-term damage from the ultra-pure water. Three general categories of liner material
have been evaluated.

1. Polymer Sheet Liners These are flexible sheet membranes commonly used as a water-
proofing, roofing, or tank-liner material. Typical membrane thickness is about 2 mm
or less. Polymer sheets will be heat-welded or bonded in the vessel. This is the baseline
choice for the liner material.
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2. Cold Fluid-Applied Membranes These are usually one- or two-component liquids that
cure after application. The thickness varies depending on the particular membrane sys-
tem. Typical uses are industrial coatings for corrosion protection, below-grade structure
waterproofing, potable and wastewater structures, chemical containment and cooling
towers.

3. Stainless Steel This is an appropriate liner material and was used at Super—-Kamiokande.
Type 304 stainless steel sheet is an alternate material in the current concept and cost
estimates. Thickness is 3 mm (1/8 in). The sheets will be welded in the vessel.

Candidate materials from manufacturers are being tested with ultrapure water for the ap-
propriate length of time to ensure no contamination of the water or damage to the material.
Actual samples from manufacturers are tested because the exact formulation of the liner
material and reinforcing areas are critical to suitability for long-term use.

The preferred material for the conceptual design is a polymeric sheet welded in situ. The
exact material has not been chosen yet. However, several commonly used polyethylene sheet
samples have performed well up to now.

Several considerations are important in selection of the liner grade and thickness:

e Final unevenness and finish of the shotcrete surface. It is our estimation at this time
that a unevenness of about 1 unit in radial direction per 10-15 units of circumferential
or vertical dimension on the wall will be appropriate.

e Size and weight of raw material rolls with respect to limitations of transport into the
cavern and the practical limits of sheet sizes that can be lifted and unrolled on the
wall.

e Weldability, leak checking and overall QA in situ on horizontal and vertical surfaces.

e Attachment to the wall surface with respect to load-carrying capacity of the liner and
number of attachment points per unit area.

Different grades and thickness of these sheets are available. The thickness we are consider-
ing at this time is about 1.5 mm. The grade and additives, if any, will be determined in
collaboration with the liner designers, manufacturers and installers.

2.3.6 Mounting Points on Vessel

Many of the subsystems within the vessel require mounting points on the vessel. The reference
design for penetrations calls for studs to be permanently installed in the vessel. They may
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be installed at the time of vessel placement or after vessel construction. The studs will need
to be sealed. The reference design calls for a boot, made from the same material as the liner,

that will be heat-sealed to the liner and clamped to the stud. This is shown schematically
in Figure 2-7.
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Figure 2—7: Preferred method for penetrations and seals on the vessel (figure credit CNA Engi-
neers)

An alternate method with a threaded insert is also under study. This is particularly suitable

to temporary anchors, such as those for installation equipment, which can be covered and
sealed to the liner.
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2.3.7 Drainage Layer under Liner

It is anticipated that leaks will exist in the liner and water will migrate outside the liner.
Leaks may result from several sources:

1. Imperfections in the liner material due to manufacturing

2. Defects in the welds and other joints in the liner

3. Damage caused during liner installation

4. Leak due to penetrations required for mounting of inner detector components
5. Damage caused during PIU installation

6. Deterioration over time

There will be a leak collection system directly under the liner to collect and channel the leak
water. There are two concepts under study at this time.

2.3.7.1 Unrestricted Flow Concept

In this concept a material that provides minimal resistance to flow is installed under the
liner. Such material is typically fabricated in the shape of egg crates and provides channels
for water to flow freely. They are used routinely in construction for this purpose. In this
concept, leak water flows freely to a collection manifold at the bottom of the vessel. The
main advantage of this system is that it allows good leak water collection and prevents
external pressure buildup on the liner in the event the vessel is emptied.

2.3.7.2 Restricted Flow Concept

In this concept the polymeric liner is installed on a low-permeability layer that will help
reduce flow through the leak as compared to the free flowing concept. The low-permeability
layer may be any of several types used in the industry known as geosynthetic clay liners. They
typically are a composite of geosynthetic materials and a bentonite layer. The advantage of
this method is that it can help reduce flow through a defect by several orders of magnitude.
The main disadvantage is that it does not allow for free collection of leak water which may
have ramifications in the event gadolinium is used in the detector. However, since it has the
potential of minimizing the leaks, it may be the better overall solution.
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2.3.8 Liner Material Testing

As part of the conceptual design phase, material testing for liner began in early 2010. The
testing is carried out at Brookhaven National Laboratory. Two classes of material have been
tested and long term tests are continuing. The first class of materials are polymeric liners
in sheet form. The second class are coatings applied to a substrate. We chose 316 stainless
steel as a substrate. These tests are for compatibility of liner material with ultra-pure water
only. Additional testing of material will be performed after CD-1.

A supply of 1 inch x 3 inch coupons were fabricated for each sample and cleaned. CNA
Consulting Engineers had sent an initial list of candidate materials and corresponding man-
ufacturer contacts. From those contacts, we obtained samples of sheet polymers from Cooley
Group and Carlisle Coatings, and spray-on products (applied to our SS coupons) from Sher-
win Williams and C.I.M. Industries. Four samples of sheet polymers and four sprayed-on
materials that were applied by the manufacturer to the SS coupons were sent to BNL. Addi-
tionally, CNA solicited six samples of various high density and linear low density polyethylene
(HDPE & LLDPE, respectively) from GSE Lining Technology, and another sheet sample of
pure HDPE from Green Plastics. They were also forwarded to BNL. These latter seven
polyethylene materials all performed well in the testing, better than any of the first eight
materials. One more sample of a spray-on polyurea coating (from Spray On Plastics, LTD)
that had been used in SNO was also sent to BNL.

All tests so far have shown that various grades of polyethylene perform well. These materials
are our baseline choice at this time. Exact grade, manufacturer and thickness has not been

chosen. Material will be chosen after final testing and qualification is carried out by LBNE
on materials recommended by the liner contractor.

2.3.9 Leak Rate from within the Vessel

The WCD leak rate has been estimated in several studies. Each study was done at a different
time with different assumptions. A summary and comparison are given below.

2.3.9.1 CNA Estimates

CNA Consulting Engineers, Inc. made an estimate of the leak rate based on one defect per
acre of liner surface at two different water head heights (3 and 30 m) for three different defect
sizes (0.1, 2 and 11 mm). This estimate was based on the free flowing drainage concept as
described earlier.

One defect per acre is an assumption of defects that may not be detected. The size of the
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defect is hard to estimate. The leak rate through a 0.1 mm defect is very small and can be
ignored. An 11 mm defect is quite large and will most likely be detected and repaired.

The detector wetted surface is about 5 acres. Therefore, we can assume a total of five defects
may go undetected. If we further assume that all five defects are 2 mm and are at 30 m
depth, we obtain a total leak rate of about 19 m?® per day. Detector cross sectional areas is
about 3,300 m2. Therefore, water level will lower by approximately 1 cm per day. This is
quite small and can be compensated by the filling system quite easily.

In contrast if all defects are about 11 mm and at 30 m depth, the leak rate will be about
583 m?® per day, and the level drop will be about 18 cm per day. This is a large leak and
would require nearly constant refilling. Defect diameters of this size will need to be repaired.

2.3.9.2 Benson Estimates

Craig Benson of University of Wisconsin-Madison also made an estimate. This estimate was
based on 5 defects per hectare and was done for a 100 kTon detector. Two defect sizes of
1 mm and 10 mm were considered. The estimates were 8 and 700 m?® per day respectively.
As with the CNA estimate, this estimate is based on the free flowing drainage concept.

To estimate for 200 kTon, we scale the results by square root of height ratio and wetted
surface ratio, which take into account increases in pressure and number of defects, we obtain
14 and 1352 m? per day respectively for defects of 1 mm and 10 mm.

The total wetted surface area of the 200 kTon liner is about 20000 m? (2 hectares). So the
total number of defects is 10 instead of 5 in the CNA estimate.

2.3.9.3 Golder Estimates

Golder Associates reviewed the leak rate estimates by CNA and Benson, which were both
done for a 100 kTon. Golder also estimated the leak rate for 200 kTon using the same method
as Benson with 10 total defect, 8 near the mid-height of wall and 2 at the bottom. This is
for a good quality assurance of the liner with 2 defects per acre of liner surface. Results were
30 and 2900 m® per day for defects of 1 mm and 10 mm respectively.

More significantly, Golder estimated that the leakage rate will be reduced by a factor of 1074
to 1075 if restricted flow concept is used by placing a geosynthetic clay liner directly behind
the geomembrane liner. According to estimate the leak rate would be negligible. All Golder
liner designs use this design.
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2.3.9.4 Summary and Discussion

The leak rate estimates from studies as explained above are shown in Table 2-3. As the

Table 2—-3: Summary of leak rate estimated from contracted studies

No. of | Defect dia | Defect depth Leakage | Level drop | Drainage type
defects | (mm) (m) (m3/day) | (m/day)
CNA 5 2 all at 30 19 0.01 Free flow
CNA 5 11.3 all at 30 583 0.18 Free flow
Benson 10 1 2 at 80, 8 at 40 14 0.00 Free flow
Benson 10 10 2 at 80, 8 at 40 1352 0.41 Free flow
Golder 10 1 2 at 80, 8 at 40 30 0.01 Free flow
Golder 10 10 2 at 80, 8 at 40 2900 0.87 Free flow
Golder 10 1 2 at 80, 8 at 40 0.003 0.00 Restricted flow
Golder 10 10 2 at 80, 8 at 40 0.29 0.00 Restricted flow

above studies were done with different assumptions of quantities and sizes of leaks, a direct
comparison is not evident. However, there is generally good agreement as can be expected
from such estimates.

A separate estimate of leak rates has been performed by LBNE that is based on method
used by Benson. The results are listed in Table 2—4.

Table 2—4: Leak rate estimates by LBNE

No. of | Defect dia | Defect depth Leakage | Level drop | Drainage type
defects | (mm) (m) (m3/day) | (m/day)
Median Rate 6 1 5at 40, 1 at 80 7.4 0.002 Free flow
Median Rate 6 2 5at 40, 1 at 80 29.8 0.009 Free flow
Maximum Rate 12 1 all at bottom 19.7 0.006 Free flow
Maximum Rate 12 2 all at bottom 78.7 0.024 Free flow
Best Estimate 12 1 Distributed 14.1 0.004 Free flow
Best Estimate 12 2 Distributed 56.3 0.017 Free flow
Best Estimate 12 1 Distributed 0.001 0.000 Restricted flow
Best Estimate 12 2 Distributed 0.006 0.000 Restricted flow

The number of defects have been assumed at 2 per acre. Rounding up, this results in about
12 total defects. A median value will be if there are five defects on the wall at mid-height
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and one on the floor. Maximum leak rate will result if all defects are at the base or near
the bottom. A reasonable assumption is to have 12 defects with two on the floor and 10
distributed on the wall.

It is clear that number and size of defects are critical in the leak rate. A total of 12 defects
is achievable with very good quality control of liner. Defect sizes of 1 or 2 mm are certainly
possible. However, a large defect of about 10 mm must be detected and repaired. Therefore,
leakage rates of about 14 to 56 m® per day are possible. These rates result in about 4 to
17 mm drop in water level per day.

An essentially zero-leak system may be possible using the restricted flow concept. This
concept, and the free flowing concept, need further development and testing. In both concepts
penetrations in the liner are the main sources of possible leaks. Development and testing of
penetrations will be carried out during the preliminary design phase.

The closest detector to WCD is the Super-Kamiokande detector. However, Super—-Kamiokande
has a cast-in-place concrete vessel and a welded stainless-steel liner. Therefore, the details
of the construction are quite different than the WCD reference design. The LBNE liner wet-
ted surface area is approximately three times that of the Super-Kamiokande liner and the
height is about twice. Super-Kamiokande has reported a leak rate of 2 m3/day. Scaling by
the wetted surface area and height difference, an estimated leak rate of 8.5 m?/day for WCD
is obtained. This is near the lowest end of all LBNE estimates. The other major difference is
that Super-Kamiokande essentially has a pressure balanced wall, as ground water is nearly
as high as the detector water. This limits the leak rate. LBNE will be in a dry environment.

2.3.10 Wall and Floor Interface

The floor and wall interface is a very critical area. The lower truss assembly which provides
the anchor point for the wall PIUs is at this location. In addition, water pumping wells and
leak collection systems are also concentrated in this area.

Figure 2-8 shows the schematic of this area. There are several considerations that have been
identified at this time:

e The placement of the magnetic compensation coils below the floor slab must be done
before the slab is poured. The wall coils are installed at a later date. A series of junction
boxes will be required at this location,

e Two separate drainage manifolds are shown for the ground water and detector leak
water collection. They may be combined at the sump.

e The lower truss assembly section is shown with approximate location tolerances re-
quired. The tolerances will be achieved via adjustment in the mounting system and
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Figure 2—8: Reference design of wall to floor transition

survey.

e The lower truss assembly must resist the entire buoyancy force of all wall PMTs. This
will result in large upward forces distributed along the perimeter of the floor slab. This
may require special rock bolts through the slab and into the cavern floor. These are
not shown.

e The wall PMTs are very close to the liner wall. This radial space needs to accommodate
the water distribution system and other infrastructure. This is under study.

2.4 Deck Assembly (WBS 1.4.2.3)

The deck assembly forms the roof of the vessel at or near 4850L. It provides the separation
between the water volume of the detector and the habitable space of the cavity dome in which
a variety of activities will need to be supported. It will include provisions for equipment both
below and above the deck surface. The deck assembly is divided into three WBS categories.

1. The deck structure itself

2. The volume for the gas blanket and its components over the water volume
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3. The access ports for calibration, diagnostics, and personnel used during detector con-
struction and operation.

2.4.1 Design Considerations

The deck assembly must provide a human-habitable surface above the detector at 4850L
able to support or provide the following:

e Structures to which the PMT assemblies and cables located in the water region can
securely attach. This also includes any veto PMTs

e Cable feed throughs and storage for all PMTs in the vessel

e All electronics racks on the deck surfaces, including any enclosures, environmental-
control and monitoring equipment

e Support for the ultra-pure-water distribution manifolds

e A sealed boundary between the headspace over the water region and the ambient air
in the cavity dome

e Support for gas-blanket piping and associated equipment

e A light boundary between the vessel water region and the cavity dome

e An array of ports into the vessel region for calibration

e Access to the vessel region for maintenance and repair

e Support for under-deck magnetic compensation coils and associated equipment
e Support for wall PIU support cables

e Support for material handling and personnel access equipment under the balcony.

The design of the deck assembly must take into consideration all static and line load con-
ditions during both detector construction and operation. Since there are more than 4000
PMTs mounted to the bottom side of the deck assembly, deflections must be limited to re-
duce movement of the PMTs after their final positional survey is taken. The design must
conform to all appropriate codes and regulations for construction, safety, seismic activity,
and occupancy at Sanford Laboratory. The appropriate loading and occupancy categories
for this structure will be identified in order to conform to building standards and codes. All
materials must be tested and approved for use in and around ultra-pure water. Components
used in construction must be sized for efficient transport from the surface to 4850L.
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2.4.2 Description

The deck assembly will consist of a raised annular balcony section (level 2) and inner deck
section (level 1). This allows the two sections to be designed for different loading values,
and for staged construction. The final design will be optimized in accordance with other
detector construction and installation activities, costs and schedules. A schematic of the
deck configuration is shown in Figure 2-9.

Alternate Decking
Major Truss Material
(cross bracing only shown in Level 2

1 quadrant)

Curtain Wall

Electronics Huts
and Cable Storage Access -Level 1

Figure 2-9: Deck and balcony configuration and equipment on top

The cavity rock will support level 1 and the live loads on it. It is unclear at this point
how much of the overhead dome space will be unobstructed. The current baseline calls
for an overhead crane, which will be used for deck construction and potentially for cavity
excavation. This crane will be supported from the native rock above. Any deck support
needed will be carefully integrated with the overhead crane supports.

We are assuming that we will be able to interface with native rock in the dome in multiple
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locations. Level 2 will be supported in two ways. At the outer diameter, it will be supported
using 46 corbels built into the cavity wall that are equally spaced around the circumference.
Near the inner diameter of level 2, it will be supported by rigid members that are attached
to the cavity dome. These will be located at a diameter of approximately 45 m. The exact
quantity of supports will be determined after all of the final loads are identified. These
members may pass through level 2 and also support level 1, but this is a detail that will be
evaluated in the next design stage. Level 2 may be designed with a higher loading capacity
than level 1 to allow for the electronics, electronic huts, and associated cable loads.

Level 1 will be constructed from major truss elements connected to the cavity rock for
support. We expect to have eight to 10 major trusses above the surface parallel to the main
aisle and the utility drift. It has been estimated that these trusses will have a height of 4 m.
These major trusses will be supported, at a minimum, at each end to the native rock above.
The exact locations and load ratings will be determined based on final truss spacing, stresses
in the native rock of the dome, and the combined live and dead loads of the structure. Level
1 will be designed to have sufficient load capacity for normal activities according to the
minimum allowable live loads. We are assuming that these support points in the cavity rock
can support a minimum of 50 tons at each connection point, but we are not limiting the
design to this. There will also be minor trusses under these major trusses from which the
working surface will be constructed and supported. We expect the minor truss work to be
approximately 1-1.5 m in height and run perpendicular to the major trusses above. In our
reference design the working surface will be welded stainless steel, however we are evaluating
other materials, including precast concrete slabs.

Personnel and equipment can travel around the top of the detector on the various working
surfaces. Underneath these surfaces we will install the gas- and light-sealing layer. Decoupling
these layers allows for use of more cost effective materials in the working surface since they
would not need to be compatible with ultra-pure water. It also allows us to reduce the area
— and thus the cost — of the working surface. The sealing layer may be constructed of thin
stainless steel, textile fabric, or polymeric membrane similar to that used on the rock surface
for the main vessel liner. We plan to construct small prototypes to test the feasibility of all
of the various layers and structure being considered.

A PIU-mounting structure, similar in form to that planned for the floor PIUs, will be installed
under the minor trusses. This is described in Section 2.7.1.2.

We are evaluating two construction methods for the deck assembly, (1) building the structures
at height during the cavity excavation and (2) constructing level 2 at height during the
excavation followed by construction of level 1 on the floor of the cavity after excavation is
complete and then raising to 4850L. The methods would have different impacts on the overall
excavation and installation schedule. We will determine which method to use in coordination
with the conventional facilities group and Sanford Laboratory personnel after all the factors
are considered.
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2.4.3 Gas Blanket (WBS 1.4.2.3.2)

The radioactivity from naturally occurring Radon (Rn) in the mine contributes too much to
the background for certain types of physics that will be performed at LBNE. background at
a minimum. We wish to reduce the current levels of Rn 250-300 Bq/m? to 2-10 mBq/m?. Tt
is unrealistic to try and do this for the entire dome area of the cavity. However, it is possible
to do for the water region below the deck surface by introducing a blanket of Rn-reduced
gas.

The gas blanket is expected to be approximately 0.6 to 0.8 m in thickness, with a volume of
approximately 2300 m?. The precise volume will be determined after the deck design and the
water level variation are determined. To ensure that the proper Rn level is maintained, we
expect that we will need to continuously pump between 150 and 300 m?/hr of Rn-reduced
gas into this volume. In order to reduce contamination of this sealed volume from the dome
air, we plan to keep the head space at a slight overpressure. At Super—Kamiokande, this
overpressure is approximately 30 mm of water. Equipment will be needed to both monitor
this overpressure for safety reasons and to monitor the Rn levels in the head space to ensure
proper functioning of the system.

We are evaluating both Rn-free air and high-quality nitrogen for use as the gas in the head
space. Commercial equipment is available to produce both of these in the quantities desired
and the installation and implementation costs are essentially equal for the two systems. The
potential risks involved with each are also being studied. Nitrogen may be better in reducing
the potential for bacterial growth in the water but it carries an asphyxiation hazard. Rn-free
air has no asphyxiation hazard, but will not discourage bacterial growth in the water as
effectively.

All penetrations through the sealing layer described in Section 2.4.2 will need to have seals
and gaskets that minimize leaks from the gas blanket. The gas will be piped into the head

space around the perimeter of the cavity and will be vented near the center. This is to
promote the proper exchange of gas in the volume.

2.4.4 Access for Equipment and Personnel (WBS 1.4.2.3.4)

During detector operations and maintenance periods, it will be necessary to insert calibration
and other equipment into the detector volume. The working and sealing surfaces of the deck
assembly will therefore need to have ports that when closed are gas- and light-tight.

Preliminary layouts place these ports on the two main aisles of level 1 surface. We expect to
need about 32 ports, although additional ones through level 2 may be required.

The port design consists of a flange through the working surface with a large pipe extending
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into the water volume to prevent contamination of the gas below. A removable lid will mate
to the flange to seal the opening. We plan to recess the flange and lid to be level with the
working surface as to not cause a safety hazard.

Personnel access into the volume will be much less frequent. For this purpose, access hatches
are planned through the vertical curtain wall between level 1 and level 2. Special precautions
will be needed, for instance proper PPE and other appropriate measures depending on the
gas used in the gas blanket. The personnel access system is at a very conceptual level at this
time. The requirements for personnel access and methods for it will be addressed at a later
date.

2.5 Floor (WBS 1.4.2.4)

The containment-vessel floor consists of:

Structural components

Sealing layer or liner
e Components specific to PMT mounting on the floor and access to them

e Components specific to water collection and to interface to lower drift

The vessel floor design must be compatible with the geological conditions of the cavity
floor and must withstand the total load of the water with an appropriate safety margin. It
is presumed that the underlying load-bearing floor will be constructed from cast-in-place,
reinforced concrete. The design and thickness of the floor must be such that the upper surface
of the floor is stable to within the requirements of the detector.

A sealing layer, or liner, described in Section 2.3, will be applied over the floor. This floor
will need to transfer the full compressive load of the water and the PMT system. However,
since it will be fully supported on the rock floor, the required thickness of this layer is not
great.

The floor will have anchor points for attachment of the floor PMT mounts. The anchors will
be incorporated into the floor through the liner with appropriate seals. Other anchors for
services and cables will also be incorporated.

It is possible that the vessel will be completely drained for a small number of maintenance
periods during its lifetime. A shallow floor slope (~0.4%) toward the perimeter will accom-

modate complete draining.
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2.5.1 Lower Drift Interface

The lower drift interface is a set of components between the vessel floor and the lower drift
of the cavity:

1. A plug that will allow closure of the lower drift from vessel interior. The plug will
consist of structural and sealing components.

2. There may be a removable hatch to allow for access to interior of vessel.

Design of above components will start during the preliminary design phase. A conceptual
drawing is shown in Figure A-29.

2.6 Water Distribution System (WBS 1.4.2.5)

The water distribution system is responsible for ensuring proper distribution of the flow in
the vessel such that the temperature and quality specifications for the water in the vessel are
met. The system design is based on several principles from the Super—-Kamiokande design
which successfully maintains water clarity at about 100 m. Scaling up appropriately, the total
water recirculation flow through the WCD vessel will be 275 tons/hr (1200 gpm), resulting
in one vessel volume change per six-week period.

The reference design for the water distribution system includes:

e Piping manifolds to supply chilled, ultrapure water to the detector vessel

e Piping manifolds to collect water for return to the water recirculation system located
at 4850L

e Piping to allow for water supply at the bottom of the vessel and return at the top or
vice versa

e Fill mode recirculation system piping to allow for recirculation during vessel fill
e Drain system piping to allow for draining of the vessel

e Piping manifolds with an adequate number and distribution of ports such that the
specifications for water temperature and quality in the vessel are met

e Manifold piping to interface with the water recirculation system at 4850L

e Piping with leak tight penetration through the deck system at 4850L:
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o Lines for supply and return manifolds

o Lines for Fill and Recirculation Modes and Draining Mode
e Piping supports attached to the vessel wall, floor, and deck

e Instrumentation for sampling and monitoring the water inside the vessel at various
depths

The piping will need to be compatible with ultra-pure water and sized to be suitable to
transfer 1200 gpm and maintain reasonable pressure drops.

The WCD vessel water volume is considered to have two zones, inner and outer, separated
by the light barrier installed at the equator of the PMTs located around the sides and at
the top and bottom of the vessel. The vessel inner zone, equivalent to the sensitive volume,
extends from the center of the vessel out to the light barrier surface in 3D. The vessel outer
zone is the annular shell plus the disk-shaped regions at the top and bottom, outside the
inner zone.

Water-distribution manifolds will be installed to ensure that both the inner and outer zones
meet the temperature and purity specifications. Modeled on the Super-Kamiokande system,
a set of seven ports, designated A through G as shown in Figure 2-10, supplies water to the
outer zone. The flow through each of these ports is 2.4 tons/hr (11 gpm). The inner zone

Figure 2-10: Water distribution port locations for inner and outer zones
is supplied by 28 ports, numbered one through 28 in Figure 2-10, each of which supplies
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flow at 9.3 T/hr (40 gpm). The return manifold is a mirror image of the supply manifold,
allowing for the top and bottom manifolds to function as the supply or return, as desired for
operations.

Figure 2—-11 illustrates the water-distribution piping in the vessel and the required penetra-
tions. Piping that must penetrate through the deck structure include the supply and return

Water Supply
from Surface

To Underground Facility Recirc Mode 4850L l * Recirculation system includes:
Dewatering System Return Lines | Recirculation Fill Mode Supply 1. Purification system
S System* 2. Chiller or Heat Exchanger

—> l Fill Mode Return 3. Flow Configuration valves

Outer Zone Upper Manifold |

Fill Mode Recirculation and
Drainage Manifold (x4)

Recirculation
Pumps

| Outer Zone Lower Manifold |
| | | | | Fill Mode Recirculation and
Vessel Water Leak Collection Vessel Drainage Pump (x4)

||| Ground Water Leak Collection | 1]

Figure 2—11: Water distribution flow diagram showing Blue: main circulation, Green: fill mode
recirculation, Orange: ground and leak water collection

pipes to the recirculation system and the piping associated with the fill and recirculation
mode and the detector-drain mode. Piping for collection of the ground water and vessel-water
leaks remains outside of the vessel.
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2.6.1 Thermal Modeling of the Water Volume

The water in the fiducial volume must be maintained at a sufficiently low temperature to
prevent the growth of biological contaminants and to reduce noise in the output of the
PMTs. After an examination of available PMT test data, we have chosen the nominal set-
point temperature to be 13°C. The water volume will have heat load from a variety of sources,
and thus will require a cooling mechanism and possibly insulation. The surrounding rock far
from the water volume, at 33°C, is one heat source. Heat generated within the PMTs, the
Joule heating from the cables in the magnetic compensation system (see Section 2.8.1.3)
and heat from the deck above the water volume are others. The heat loads from the various
sources are summarized in Table 2-5.

Table 2-5: Total heat load into the water volume

T =13 C || Heat Load | Heat Load | Heat Load | Heat Load | Heat Load | Total Heat | Total Heat
Rock Deck — No | Deck — PMTs Magnetic | Load w/o | Load w/
Insulation Insulated Coils Insulation | Insulation
200 kTon 38.9 kW 50.1 KW 10.4 KW 8.6 kKW 46.6 kW 1442 KW | 104.5 kW
Vessel

Using available rock properties, an early finite-element simulation of heat conduction into
the 200 kTon water vessel produced an estimated heat load value of 144 kW for the case with
no thermal insulation at the deck. An isotherm plot of the 200 kTon design generated using
the commercial code COMSOL is shown in Figure 2-12. Introducing a layer of sprayed-foam
thermal insulation on the deck surface will reduce total heat load by 25-30%. A smaller
chiller will be required in the water-purification system, saving in both capital and operating
expenses.

In addition to the baseline case of 13°C, we performed calculations for water at 4°C. The
lower temperature may be needed to combat the growth of organisms or to allow more
sensitive PMT measurements. At 4°C, the heat load and the corresponding required chiller
size increases by 35-40% (without insulation on the deck). However, the larger chiller will
allow for faster response time to set points in temperature.

Because of the very large size of the water volume, thermal transients will be long at any
temperature. We formulated a model of temperature changes with time for the water volume
in which the tank was considered isothermal and well-stirred. This is a reasonable assumption
given that the temperature difference within the tank is on the order of 1°C. We used
the principle of conservation of energy for an open system with a constant chiller power
to estimate time constants. For the 144 kW chiller, 66 days are required to reduce the
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Shoe: Temperure | °C]

Figure 2—12: Temperature field in the vicinity of the WCD, baseline case, without deck insulation

water temperature from 14°C to approximately 13°C. As the design of the detector elements
progresses, further refinements will be included in the thermal model.

Another ongoing aspect of the thermal modeling is the numerical simulation of water flow
and thermal transport within the water vessel. For this purpose, we solve the conservation
equations for mass, momentum, and energy of the water simultaneously. Various turbulence
models are be tested for validity. We have employed two different computational fluid dy-
namics (CFD) codes, the commercial code COMSOL and the research code PHASTA. The
extreme scale of the solution domain renders the numerical CFD model challenging. We
expect the flow to be 3D and transient. The Richardson number (the ratio of natural con-
vection to forced convection) is high, so that buoyancy rather than forced flow is expected
to dominate. Although water-recirculation flow rates are very low in the tank, the Peclet
number, which expresses the ratio of advection to diffusion, is still very high, indicating that
the advection terms must be retained in the energy equation. This work will continue in the
preliminary phase.

2.6.2 Temperature, Pressure and Flow Monitoring

The flow rates and temperatures at various locations in the water volume will be continuously
monitored. In addition, some diagnostic tests will be run in order to identify and correct very
low-velocity zones, blocked passages, and any other evidence of improper distribution. The

LBNE Conceptual Design Report



2-54 Chapter 2: Water Containment System (WBS 1.4.2)

measuring devices can be inserted in the cooling water inlets and outlets, of which there will
be about 30 per manifold, and inserted in vertical partitions along the side of the vessel wall.

To collect data at various points within the volume of the tank, we will lower a small,
weighted probe, installed on the lower surface of the deck. The probe will be equipped with
thermistors and pressure transducers, and also with an LED, thereby allowing the PMTs
to measure the position of the device. This allows us to correlate the data with a physical
position in the tank. We plan for six such sinking probes, one at the center and five distributed
circumferentially around the tank. Pressure transducers and thermistors will also be required
near the sidewalls. To measure the flow rate of the water as it enters and leaves the tank,
simple paddlewheel sensors, such as the OMEGA FP-5300, could be used.

Thermal insulation may also be needed below the deck since this area is expected to allow the
greatest amount of heat transfer into the vessel. Analysis for a qualified thermal insulation
is still being performed to see if the benefits outweigh the costs.

2.7 PMT Installation Units (WBS 1.4.2.6)

This section discusses the PMT Installation Units (PIUs), the structural frameworks for
mounting, positioning and aligning the PMT Assemblies (PAs), signal cables, and light
barriers. It also describes the overall signal cable management scheme from the floor, wall,
and deck PIU and throughout the vessel.

1. Provide secure and reliable mechanical connection for the PAs.

2. Maintain specified positional and directional tolerances of PMT over lifetime of exper-
iment.

3. Support with appropriate safety factor the forces expected (gravitational and buoyant
forces of PA and signal cables, dry and wet self-weight, PMT implosion event, geological
and seismic events, temperature fluctuations and installation).

4. Minimize the number of penetrations through the vessel liner required for mechanical
support.

5. Provide routing paths and supports for signal cable management.
6. Be compatible with ultra-pure water.

7. Be made of components that are logistically feasible and cost effective for delivery to
vessel.

8. Provide for swift and safe installation.
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2.7.1 Reference Design Description

There are three different types of PIU corresponding to the three distinct mounting regions
in the detector:

1. Linear PIU: Applies to all wall PAs.

2. Floor and Deck PIU: Applies to both floor and deck PAs, with slight variation between
them to accommodate different support points.

3. Annular Deck PIU: Applies to the PAs along the outer annular ring at the Deck PA
level, filling the space between the Deck PIU and Linear PIU.

2.7.1.1 Linear PIU for Wall PAs

All of the wall PAs will be supported by the Linear PIU scheme, in which a column (or
“String”) of 88 PAs is supported by two support cables running between top and bottom
anchor points, as shown in Figure 2-13. This eliminates the need for additional liner penetra-
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Figure 2-13: Linear PIU concept deployed from deck
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tions into the wall. Signal cables are routed up and secured to the support cables. Table 2—6
indicates the planned geometry associated with wall PIUs.

Table 2—-6: Wall PA parameters

’ Distribution of wall PAs H Quantity ‘
Number of wall PAs 20,470
Number of horizontal rows 89
Number of vertical columns 230
Number of support cables 460

Each Linear PIU column is made up of the following primary components (see Fig. 2-14).

Figure 2-14: Linear PIU connection to deck and floor (most PA’s omitted)

1. Bottom Ring Truss: Distributes the net upward force from 460 support cables to 46
anchor penetrations into the vessel floor, and positions the support cables at the bot-
tom.

2. Support Cables and Rigging: The Linear PIU supports are composed of stainless steel
cable, 3/8 inch to 1/2 inch diameter. The support cables will be tensioned on the order
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of 500 N and securely anchored at top and bottom. Tensioning will be accomplished
by means of stainless-steel turnbuckles and springs attached to the top of the cables
and the upper ring truss.

3. Upper Ring Truss: Distributes the net downward load from tension in 460 cables to 46
support corbels at the balcony/rock interface, and positions the support cables at the
top.

4. PMT Assemblies (PAs): Each PA includes a PMT, encapsulated base, housing, and
cable assembly. The PA is in WBS 1.4.3 and is described in Chapter 3.

5. Signal Cables: The signal cables for all PAs on a column are divided between the
two support cables and travel up to the balcony. All of the floor PA signal cables are
also evenly distributed amongst the Linear PIU support cables. (Signal cables are in
WBS 1.4.3)

6. Light Barrier: Opaque barriers to fill the 2D space between PAs (at their widest cir-
cumference) to prevent detection of light generated outside the sensitive volume or
reflections of extraneous light back into the detector from the support structure or
vessel walls.

Each column of Linear PIU is deployed from the deck by successively attaching individual
PAs, lowering the column into position for the next PA, and managing all of the signal
cables throughout the process (see Section 2.7.2). PAs are located in the vertical direction
by precisely positioned collars on the support cables, and each PA is vertically constrained by
only one of the support cables (the support location alternates between successive PAs). The
PA is fixed to the support cables in all other directions via retention pins. This is illustrated
in Figure 2-15.

When the detector is full, the PAs will have a positive buoyancy and a small torque about
the ropes. This buoyancy and torque will be used to help stabilize the positions of the PAs
in the Linear PIU configuration. These forces and torques will be supported by tension in
the support cables and by stabilizing bars (see Section 2.7.4). Expected overall static loads
for the Linear PIU scheme are given in Table 2-7.

To continue developing the Linear PIU conceptual design, some key questions and consider-
ations are being studied:

1. Can the specified positional tolerance be initially achieved, and can it be maintained
over time?

2. Can aging of components be reduced and compensated for as needed?

3. Are the materials planned for the Linear PIU compatible with ultra-pure, de-ionized
water?
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Indexed collar positions PA vertically
(successive collars alternate support cables so PAs are
not over constrained)

4x Retention Pins, push-and-click

Figure 2-15: PA attached to support cables

4. How does the Linear PIU react dynamically to an implosion event or to variations in
water flow (e.g., caused by thermal currents in the detector water)?

5. Handling of the signal cables needs to be studied both quantitatively and qualitatively.

6. The ergonomics, safety issues, procedures and hardware associated with installation
need to be studied.

To address these questions, we have developed a multi-phase R&D plan including engineer-
ing and prototype testing of Linear PIU concepts and materials testing. For example, we are
developing a test stand for linear PIU installation, illustrated in Figure 2-16, in order to eval-

Table 2-7: Estimated static forces for wall PlUs

Estimated Cable Pretension 50 kgf (110 Ibf)=

Max Dry Cable Tension (at deck), each cable 696 kgf (1534 Ibf)

Max Wet Cable Tension (at floor), each cable 309 kgf (681 Ibf)

Dry Summed Tension (at deck) 320,000 kgf (705,000 Ibf)

Wet Summed Tension (at floor) 142,000 kgf (313,000 Ibf)
* Requires additional study
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uate our basic concepts for the linear PIU, including PA attachment, positioning accuracy,
and signal-cable handling.

Figure 2-16: Test stand for linear PIU installation

2.7.1.2 Floor and Deck PIU

The floor and deck regions of the detector are not conducive to using a linear PIU system
for PA mounting. The circular cross-section of the regions, as well as the orientation of
gravitational and buoyant forces perpendicular to support cables, makes them unfavorable
to linear string support scheme.

Instead of support cables, the baseline design for the floor and deck regions envisions mount-
ing the PAs to a frame structure pre-installed and surveyed in the detector prior to PA
installation. This preserves the logistical and deployment advantages of the linear PIU sys-
tem (minimizing dead area in shipped structures) while allowing the use of simple formed
trays to support the PAs and provide for signal cable routing.

The floor and deck PIUs consist of 1950 formed stainless steel trays (975 in each region),
each supporting four PAs in a 2x2 array separated by 0.86 m. In addition, the trays provide
a cable organization and fixation channel to allow the floor and deck cables to be routed in
an organized fashion.
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Individual PAs are attached to the PIU trays utilizing mounting features molded into the
PAs. The same PAs can be used in all positions (floor, wall & deck), simplifying installation
logistics.

For the floor region, the PIU trays are supported on an open-web frame approximately
1 m above the floor, to allow room for routing of detector utilities beneath the PAs. (See
Figure 2-17). These frames are attached to an array of stainless steel I-beams attached to

Figure 2-17: Floor PIU Concept showing PMTs and signal cable reels

the detector floor by approximately 250 anchor points installed in the detector floor.

The Deck PIU is virtually the same design as the floor PIU installed upside down. The
open-web frames supporting the PIU trays attach to the bottom chord of the lower stainless
[-beams just below the gas barrier (see Figure 2-18).

2.7.1.3 Annular Deck PIU

At the deck PA level, the outer annular ring of PIUs is the last to be put into position
since access is needed through this space for installation throughout the rest of the vessel.
Moreover, access needs to be maintained in this area for detector maintenance.

The Annular Deck PIU will be made of a series of hinged framework pieces (see Figure 2-19)
that extend radially from the outer edge of the Deck PIU. Each frame section will be required
to be moved as needed to provide access through the annular space at that location.

It is required that the sections of the annular PIU support be able to be moved after deploy-
ment. The exact method of their motion is not yet determined. In addition to the downward
hinging shown in Figure 2-19, we are considering other options such as hinging the panel to
swing upwards or possibly fully-removable panels which could be lifted out of the annular
section and set on the level one floor.
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Figure 2—19: Annular PIU deployment concept
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2.7.2 Order of Installation and Special Tooling/Fixturing

PA /PIU installation is currently planned to occur in the following sequence: The deck PAs
are installed following deck assembly, but before it is raised into position. The deck is then
raised into position.

Once the deck is in position at the top of the detector, Linear PIU installation platforms
are put in place (see Figure 2-20). The installation platforms are multiple work surfaces

e e e

Figure 2—20: Linear PIU installation platform

suspended from the annular deck balcony at the outside radius, and on the deck surface at
the inner radius. Our current design envisions three such platforms.

These platforms can rotate around the central axis of the detector and contain all the equip-
ment necessary to support PA handling and cable management during PIU installation. Each
of the three platforms will support an independent installation team, allowing for installation
of three PIU strings at once.

PAs are installed onto the support cables by inserting one cable into the PA guide slot &
inserting the locking pins for that side, rotating the PA around the axis of the support cable
until the other PA guide slot engages the second rope, and then locking into place with push
pins.

During installation the PA signal cables are cable tied to the support cables as they are
lowered into the detector, and the signal cable spools are stored on racks on the installation
platform. After the completion of the installation of a PIU string, the signal cable spools for
that string are fed up to the deck balcony for routing and storage.

Following the wall installation, the floor PIUs are installed, and their cables routed through
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Figure 2—21: PA installation sequence for linear PIU. Left figure — position PA guide slot around
first support cable and pin in place. Center figure — rotate PA into place on second support cable.
Right figure — pin PA to second support cable

the PIU tray cable guides to the walls of the detector. A gondola (see Figure 2-22) is used
to route the floor PA cables along the wall PA support cables to the deck. The installation

Figure 2-22: Gondola installing light shield and routing signal cables

of the light barriers and Linear PIU stabilizing bars is also completed at this time from the
gondola.

2.7.3 Light Barrier

Required performance of the detector dictates there be an optically opaque barrier, or light
barrier, at or near the radial position of the PMT equators that fills the space between PMTs.
This barrier separates the detector into an inner and outer region, the former comprising the
sensitive volume of the detector.
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The light barrier serves the following functions:

1. Tt shields the sensitive volume from Cherenkov light created from low-level background
radiation in the rock wall. The PMT horizon, and therefore the light barrier, has been
specified to be a radial distance of 0.95 m from the rock wall. This 0.95 m annular ring
is sized to attenuate most of the radioactivity from the rock wall, and any Cherenkov
light produced in this region must be shielded from the sensitive volume.

2. It provides the geometric border of the sensitive volume. A comparison is made between
the reconstructed vertex position of a physics event and the barrier, and anything
originating outside the sensitive volume is rejected.

3. It provides a barrier between the sensitive volume and all of the hardware behind the
PMT horizon (Linear PIU, signal cables, recirculation piping). Without a barrier, light
could be absorbed and/or scattered by this hardware, complicating pattern recognition
and event reconstruction.

Two designs are currently under investigation for the light barrier. One consists of a barrier
comprised of individual overlapping tiles — one per PA — secured to the PA faces with press-
lock mounting pins during a secondary installation phase using the gondola (see Figure 2—
23). This installation phase might occur simultaneously with the routing of the floor PA

Figure 2-23: Plastic plate light barrier design, showing linear PIU alignment bars

signal cables, but in any case could not occur before the floor signal cable installation as
the plates will block access to the support cables and thus prevent the signal cable routing.
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One advantage of this plan is that the semi-rigid tiles may prove useful in providing pointing
accuracy for the PAs.

The alternate design under consideration uses continuous sheets of opaque plastic film, prob-
ably LDPE, for the light barrier, similar to the barrier used in the Super—Kamiokande de-
tector. The film might be deployed simultaneously with the PIU strings, and attached to the
PAs with mounting rings (see Figure 2-24). The plastic film would have reinforcing strips

Black LDPE film

)

Mounting Ring Reinforcing Strips

Figure 2—-24: Plastic film light barrier design

sealed to it both around the PA mount points and at the edges, to prevent damage to the
film in high-stress regions.

During deployment the strips of film would be folded back towards the center of the strip,
leaving an open region between PIU strings to allow routing of the floor PA cables along the
support cables and the installation of PIU alignment bars from the gondola once the floor
PIUs are installed. Once the PA signal cables and alignment bars are installed, neighboring
sheets of light barrier are clipped together. Light collectors or wavelength shifters, if chosen,
will be integrated with light barrier design.

2.7.4 Linear PIU Stabilizing Bars

Linear PIU stabilizing bars will be installed as part of the light barrier installation regardless
of the barrier technology chosen. These bars join two or more neighboring PIU strings,
fixing their distance and angular orientation with respect to each other to ensure correct PA
placement and alignment. Stabilizing bars are likely not required at each level. The number
of stabilizing bars required will be investigated in PIU prototypes.

The stabilizing bars as currently designed consist of plastic bars which clip onto the PIU
support cables using snap-in push pins (similar to those used to locate the PAs on the
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support cables). The bars restrict the relative angular orientation and spacing of the support
cables, while not absolutely locating the PIUs. A complete ring of stabilizing bars defines
an 88-sided polygon, which will assist in fixing the positions of the linear PIUs and resisting
any motion of individual PIUs due to cable twisting or water currents.

2.7.5 Signal Cable Management

Signal cable routing and support are critical and time-consuming operations. Careful plan-
ning is required to ensure efficient installation. The following design assumptions are used
in our plans at this time.

1. The deck design is that of a raised balcony (Level 2 deck) with suspended inner deck
(Level 1).

2. Cavern height is 81.3 m from the rock floor to 4850L.
3. Level 1 deck is at 4850L. Level 2 deck (balcony floor) is 4m above 4850L.

4. All 12 inch PMTs are spaced 0.86 m apart in a rectangular array on floor, walls, and
under the level 1 deck, with the exception of a polar array on the outer perimeter of
the level 1 deck.

5. Wall PMTs will be deployed according to the Linear PIU concept (see Section 2.7.1.1).
6. There will be the same number of PMTs under the deck as on the floor.

7. PMT signal cables will come in four fixed lengths: Floor, lower wall, upper wall, and

deck.

8. All PMT signal cables are routed from their respective PMT assembly (PA) to an
electronics rack on the balcony.

2.7.5.1 Floor PA Signal Cable Routing and Cable Length

On the vessel floor, all signal cables will be routed along the floor PIU structure to a vertical
support cable on the vessel perimeter. Each pair of vertical support cables holds up a column
of wall PIUs (Linear PIU concept). Cables near the cavern center have the longest run and
will be routed straight to the nearest support cable and upward to the nearest electronics
rack. The length of these cables determines length for all floor cables.

In the current concept, floor PIUs are arranged in a rectangular array. There are about 1000
PIUs, each housing four PAs in a 2x2 array, plus individual PAs to fill in near the cavern
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wall (see Figure 2-17). Each PIU has an integral cable tray running in one direction through
the PIU. The PIUs are installed in long rows, starting at floor midline and proceeding to
the wall. They will be installed with the cable trays aligned so as to create a long cable tray
extending to the wall.

All cables will be routed to the wall in the long trays. When the cables reach the wall, they
may be routed straight up a nearby support cable or they may be routed along the wall in
an annular tray to reach a support cable some distance away (see Figure 2-25). The floor
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Figure 2-25: Floor cable routing by quadrant

cables share the support cable along with the previously installed wall PIU cables and will
be distributed among the 230 pairs of support cable as evenly as is practical.

The exact route and final destination of each cable will be defined by the time detector

design is complete, well before any cables are run. During cable installation time, workers
will adhere to a prepared cable deployment script.

2.7.5.2 Wall PA Signal Cable Routing and Cable Clamping

In the Linear PIU concept, signal cables attach to a pair of support cables, alternating
sequentially between the two supports. On the deployment platform there will be two cable
guides, one for each support cable. As each PA is installed, a signal cable is added to the
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appropriate guide. Between every sequential PA, the two growing bundles of signal cables
are fastened to their respective support cables as depicted in Figure 2-26.

Overhead Tray

Level 2 Deck

eeeeeeeeeeeeeeeeee

Level 1 Deck at 4850L |

Figure 2—26: Attachment and cable handling during deployment

Each Linear PIU column supports 88 wall PAs, so each of the two support cables will anchor
44 wall signal cables at the top. There are 230 PIU columns and 460 support cables. The 4100
floor signal cables, if distributed evenly over 460 supports, will add an additional 9 signal
cables to the 44, for a total of 53. This number will vary depending on routing constraints.

2.7.5.3 Deck PA Signal Cable Routing

Deck PMT cables will be run horizontally just above the deck PAs, with the cable tray
system TBD. Cables will emerge all around the deck circumference from the space between
rectangular and polar PAs. From there the cables will be routed upward to the underside of
the balcony, then run laterally and radially to the closest riser. All PMT signal cables stay
inside the gas barrier until they emerge from a riser on the balcony (see Figure 2-27).

2.7.5.4 Signal cable risers and management on deck

Cable risers are the entry port in the Level 2 deck (balcony floor) for signal cables coming up
from the vessel below as shown in Figure 2-27. The risers have three functions. They must
provide:
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Figure 2—-27: Side view of PMT signal cable routing at the balcony

1. Strain relief for the cable weight. The cable length to be supported is the length from
the last tie point on the vertical support cable.

2. A gas-tight seal for the gas blanket below the deck.

3. A light-tight seal to the detector volume.

The 200 kTon detector has 230 columns of 89 PMTs mounted on the wall (20,240 PMTs),
plus about 8200 PMTs on floor and ceiling combined, for a total of 28440 PMTs. The exact
number of risers has not yet been determined. If, for example, 46 risers are spaced around the
deck (one riser for every 5 PIU columns), then each riser holds 620 PMT cables on average.
This is comprised of 530 wall and floor cables plus 90 deck cables. The risers are designed
to accommodate additional cables to allow for uneven distribution. The risers in front of the
entrance and calibration drifts are moved to the sides of those drifts, and are more closely
spaced.

Not shown in Figure 2-27 is the fact that most cables will have to travel laterally near the
cavern wall to reach their designated riser. If there are 46 risers, cables need to travel laterally

as much as 2.2 m to reach a riser. Fewer risers require more lateral travel.

The riser assembly shown in Figure 2-27, is a rectangular, duct-type structure that penetrates
the balcony surface and extends through any balcony substructure.
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The riser assembly has a 180° turn at the top to prevent light leaks by eliminating any
line-of-sight between the detector and the deck. The riser assembly is open above the deck
on front and top. To complete the light-tight design, a riser cover fits over the assembly
completely covering deployment openings.

The cables are held in place by inserting them into a rubber-molded block with channels
for 60 cables. Each row of 60 cables is clamped with a mating rubber-molded block and
stainless clamp plate. All 60 are then firmly supported and sealed against light and gas.
Another rubber-molded block may then be added, ready to grip another row of 60 cables,
and so on. A closed-cell foam urethane block is placed over the last clamping bar to close
the opening to the edge of the riser base. The light cover is then secured over the riser base.
A preliminary design for a riser is shown in Figure 2-28.

(END GUIDE PLATES
1/8" RUBBER SHEET

CABLE MOUNT

DETAIL A
SCALE1:5

Figure 2—-28: Cable riser isometric view showing cable light and gas seals

Cable is stored on the deck in a floor level annular tray as shown in Figure 2-27. Cable is
brought up through the riser, clamped, and run in the tray in a direction that takes it to its
designated electronics rack with no coiling and minimum number of folds.

Cable is routed from the annular tray to electronics racks via an overhead tray as shown in
Figure 2-27. This allows access to the rear of the electronics racks for connections and access
to the risers for installation. These trays are also designed to be covered to form plenums if
required.
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2.8 Magnetic Compensation (WBS 1.4.2.8)

The PMTs used in the water Cherenkov detector have large (10 cm or more) drift distances
from the photocathode to the first multiplication stage. This makes them particularly sus-
ceptible to magnetic fields on the order of 1 Gauss or less, given the inherent low energy of
the photoelectrons, even with a several-hundred volt accelerating potential. This means that
the Earth’s magnetic field can cause significant loss of efficiency. The size of this effect for
the large PMTs that we are considering is typically 10-20%. These numbers are the result
of a series of measurements at testing facilities built by our collaborators.

This susceptibility leads to problems both in cost and in achieving the LBNE physics goals:

1. A reduced PMT efficiency means that we need to install a proportionally larger number
of PMTs for any particular light collection goal, leading to a large increase in overall
cost.

2. The inhomogeneous response of PMTs over their surface will also lead to a lower overall
efficiency.

For these reasons, we plan to lower the magnetic field inside the PMTs by one or more
methods.

The first method we considered is to use active magnetic-compensation coils to reduce the
Earth’s field at the PMT locations. A passive system is also being investigated.

2.8.1 Active Magnetic-Compensation Coils

We have established the following requirements for the absolute magnitude of the residual
magnetic field (B field) in defining the level of compensation:

e Less than 50 mG on at least 75% of all PMT positions
e Less than 100 mG on at least 95%

e Less than 150 mG everywhere

2.8.1.1 Magnetic Compensation, Finite-Element Model for 100 kTon

A model has been developed based in part on the Super-Kamiokande design and modified
to handle the LBNE WCD geometry. After considerable modifications to the types of coils,
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location of coils and currents, we have found a viable coil arrangement located external to
the cylindrical vessel liner.

We have designed a coil system similar to that of Super—Kamiokande except that, due to the
shorter distance between the compensating coils and the PMTs (1 m in LBNE versus 3 m
in the Japanese model), more coils will be needed in order to provide a sufficiently uniform
magnetic induction field.

This early model was for a 100 kTon detector. The basic geometry included 63 horizontal
coils, 16 circular cap coils (eight in the floor, eight above the deck PMTSs), six saddle coils,
and 50 vertical coils.

Figure 2-29 represents a plot of the magnitude of the magnetic-induction field due only
to the coils for a 100 kTon detector. The plot represents the magnitude of the induction
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Figure 2-29: Magnitude of induction field (100 kTon)
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field at the location of the PMTs. Our main concern at this point was to find the proper
coil arrangement which would produce as uniform a field as possible on the inside wall of
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the cylindrical vessel. Once this uniformity is established, we subtract out the axial and
transverse components of the Earth’s field from the axial and transverse components of the
induced field to check if we meet specifications.

The current detector size is 200 kTon, and all further discussion will pertain to it. A finite-
element model has not yet been solved for this much larger detector, but is in process.

It should be noted that, in addition to changing from 100 kTon to 200 kTon, the poured
concrete liner has been eliminated from the baseline design and the PMTs are now much
closer to the compensation coils. They were 1.5 m away with the concrete liner, but are now
approximately 0.85 m away. This will increase the non-uniformity of the compensation, and
simulations or other calculations are needed to resolve the issue.

2.8.1.2 Implementation for 200 kTon Detector

Magnetic compensation of the Earth’s field will be implemented as sets of direct-current
powered coils embedded in the cavern at the neat line outside the vertical vessel walls and
beneath the vessel floor, and supported by deck structures near 4850L. Wall- and floor-coil
segments will be embedded as close to the neat line as practical. Round, horizontal coils will
be used to compensate the vertical field component. Vertical coils (mostly rectangular) will
be used to partly compensate the lateral component. The overall configuration is shown in
Figure 2-30.

The compensation coils are divided into five types:

1. Vessel Outer Diameter Horizontal Coils We will place 81 circular horizontal coils in
the cavern at a radius of 32.5 m. They will be spaced 1 m apart from the floor slab to
just below 4850L. Each of the 81 coils will have a feed cable extending to deck level.

2. Vessel Concentric Floor and Deck Horizontal Coils 11 circular horizontal coils will
be placed on the cavern floor. An identical set of 11 will be placed just below the deck.
Each of the 22 coils will have a feed cable extending to a single power supply.

3. Vertical Coils 58 vertical coils will be placed in the cavern, each with a rectangular
cross-section and 1 m spacing. The rectangular cross-sections will be formed by running
vertically along opposing wall neat lines, horizontally along the floor neat line, and
horizontally some distance above the deck PIUs. The coil planes will be oriented parallel
to each other and perpendicular to magnetic north. Each of the 58 coils will have a
feed cable routed to a power supply on the deck.

4. Saddle Coils Four or more saddle coils will be placed in the cavern, all along the
wall neat line (R=32.5 m). Saddle coils have two straight vertical legs, and two arcs
in horizontal planes following the cavern circumference (neat line). The coils will be
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Figure 2—30: Comp coil 3-D view. Outer diameter horizontal coils in magenta, concentric hori-
zontal coils in black, vertical coils in blue, saddle coils in red (100 kTon Detector Shown)

oriented so that the planes passing through the straight, vertical leg pairs of each coil
are perpendicular to magnetic north. As above, each of the coils will have a feed cable
routed to a power supply rack on the deck.

Cross Coils There is no plan for vertical coils rotated 90° (around a vertical axis) from
the 50 vertical coils described above. Initial modeling and calculation has indicated
they will not be necessary during a 50-year cavern life to reach the compensation
levels needed. Magnetic-north direction relative to true-north direction is somewhat
a function of location and time. We will choose a pointing direction for the oriented
vertical coils that provides a good fit over the planned detector useful lifetime. The
total Earth field at Sanford Laboratory can vary by 10% or more per 100 years, or 1%
in five years. The adjustable power supplies can be dialed up or down as needed to
compensate for field-strength changes, in the active directions of the coil sets. Adjusting
currents separately for horizontal and vertical coil sets will also accommodate changes
in inclination angle.

2.8.1.3 Electrical and Thermal Considerations

Using DC currents from the simulation, calculations show that a considerable amount of heat
is dissipated at the cavern walls by the compensation coils, even for large copper conductors.
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To minimize the heat input, each horizontal compensation coil is constructed with four turns
and two single-conductor feed lines are replaced with a single feed cable having two double-
conductor feed lines inside it. This 4-conductor/4-turn configuration is shown in Figure 2-31.

4-Turn
Compensation Coil

Five Waterproof Feed Conductors

Electrical Connections

Junction Box Sealed

: Deck Power Supply —»
Against Concrete

_________________

Four Conductor Cable and Four Turn Compensation Coil

Figure 2-31: Circular 4-turn coil connections (connection box will be covered in shotcrete)

In this configuration, the required magnetizing current is reduced by four while feed con-
ductor resistance is increased by a factor of two, yielding an eight-fold reduction in feed
conductor dissipation as compared to a one-conductor/one-turn configuration.

Table 2-8 shows calculated heat loads using the four-conductor /four-turn system.

Table 2—8: Heat load with different conductor options and coil configurations

| Compensation Coil Wire Gauge | Total Power |
Horizontal Coils: 10 AWG, Vertical Coils: 4 AWG 73 kW
Horizontal Coils: 8 AWG, Vertical Coils: 2 AWG 46 KW
Horizontal Coils: 6 AWG, Vertical Coils: 0 AWG 29 kW

When laying out the feeds, we will calculate the asymmetric thermal load and evaluate it
for impact on vessel lifetime, coil life, and detector water mechanics. It may be necessary to
distribute the thermal load of the feeds and perhaps use more power-supply racks to aid in
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reducing lateral feed length, total power consumption and localized hot zones on the cavern
or vessel wall that could be created by concentrating the feed lines.

2.8.1.4 Cables and Connections

Since some or all the compensation coils may be immersed in water that has diffused through
the concrete or seeped through cracks, we require submersible cable. The cable should be
water-blocked and free of air voids. High density polyethylene (HDPE) is a good candidate
for an outer jacket.

Connections between individual conductors is a critical issue. With the four-conductor/four-
turn system, each horizontal compensation coil requires five buried joints, two of which
involve three conductors as shown in Figure 2-31. Each of these joints must be water-
tight over the long run to prevent fouling, swelling, electrolysis, or opens due to corrosion.
Rather than trying to make joints in a water-tight junction box, it may be simpler and
more reliable to make each individual joint water-tight, then encase it inside a mechanically
protective and water-tight enclosure. There are commercially available kits for making water-
tight connections for direct burial using dual-wall shrink tubing.

2.8.1.5 Power Supplies

The compensation coils may require 46 kW or more (see Table 2-8), which calls for efficient
switching supplies. For the 8 AWG four-conductor/four-turn configuration, individual coil
voltages in the range of 3.5 V to 60 V are required to establish DC currents in the range of
10 A to 35 A. That current range, in turn, is required to establish adequate compensation
fields in the vessel.

The supplies should be current-regulated to maintain stable magnetic fields. Coil inductance
will help reduce switching supply ripple. There are many commercial power supplies available
in this range, so specification and procurement should not be a problem.

The number of different current zones required in the various coils and perhaps the layout
of feeds at deck level will determine the number of power supplies needed. We can minimize
the number by connecting coils that require the same current in series. However, each supply
must remain stable while driving its total inductive load, and each supply must have enough
voltage compliance to deliver the required range of current into all its coils.
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2.8.2 Passive Magnetic Shielding

Early on, we looked at mu-metal wire cage shields patterned after those used in IceCube and
Antares. They were rejected because they could not lower the field to 50 mG as stated in our
original requirements. It was felt that a wrap of magnetic foil, which would necessarily leave
the photocathode uncovered, would also fail to reduce the field to 50 mG in the photocathode
volume.

Since then, tests of magnetic field effects have been performed on a Hamamatsu R7081 10-in
PMT by LBNE collaborators. These tests have shown that magnetic fields up to 150 mG,
oriented in any direction, have little effect on PMT output as compared with the field-free
case[20]. As a result, passive magnetic shielding becomes an attractive alternative.

We have studied several methods for local shielding of PMTs, and have carried out bench tests
on most. Viable candidates include mu-metal wire cage, mu-metal foil wrap, Finemet®foil
wrap, and electro-deposition of shielding material. Finemet®)is a trademark of Hitachi Met-
als, Ltd. Figure 2-32 shows the mu-metal wire cage used to shield 10-in PMTs in IceCube
and a conical wrap of Finemet®used on 8-in PMTs in Daya Bay.

100.00 (mm)

I

7500

IceCube Mu-metal Cage for 10" PMT Daya Bay Finemet Cone on 8" PMT

Figure 2-32: Magnetic shield examples
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2.8.2.1 Measurements and Simulations

Detailed PMT collection efficiency measurements were made at the UC-Davis Maglab for an
IceCube mu-metal cage on a 10-in Hamamatsu R7081. Complementary magnetic simulations
and field measurements were done at UW-Madison. The UC-Davis data clearly show a
collection efficiency improvement with a transverse field of 427 mG, applied at various angles
with respect to the first dynode[21]. With no shielding, the collection efficiency varies with
angle from 79% to 93% with an average of 87%. With the mu-metal cage in place, collection
efficiency varies from 98% to 100% with an average of 99%. The percent improvement varies
with angle from 8% to 25%.

UC-Davis also measured the collection efficiency of a 10-in R7081 with various configurations
of 4mil mu-metal foil and then of Hitachi Finemet®)[22]. Measurements were all made at one
angle. At the angle chosen, the unshielded efficiency was 92%. A cylinder of mu-metal foil
was wrapped around the base, and the back of the PMT was wrapped with a cone of mu-
metal reaching just to the PMT equator. This increased efficiency to 99%. A cylindrical hat
was added, extending from the equator to the apex of the PMT. This yielded an efficiency of
100%. For the Finemet®), wrapping of base and cone increased efficiency from 92% to 94%.
Adding a Finemet®hat increased efficiency to 98%, but this may drop when the experiment
is re-run with the Finemet®hat blackened on the inside. Clearly, 4mil mu-metal foil offers
better results. On the other hand, Finemet®)is easier to work with — it has no sharp edges,
may be bent and folded easily without harming magnetic qualities, and comes coated with
PET.

2.8.3 Comparison of Passive Shields and Active Compensation Coils

Passive shields act locally to shunt the magnetic field around each individual PMT. Local
shields have a number of advantages over compensation coils. The lightweight shields will
be integrated into the PMT Assembly (PA), and will be installed in a controlled production
environment. Magnetic compensation coils, by contrast, are very heavy and must be installed
on 80 m high cavern walls. Over 1000 heavy gauge electrical connections are required, many
of which will be immersed in groundwater for several decades and must be sealed to prevent
corrosion. Further, compensation coils require 230 deck penetrations to bring feed cables
through to several power supply farms in racks. The power supplies must be monitored and
adjusted over the life of the detector.

Other than cost considerations there are no clear advantages to the active compensation
coil approach over the passive shield approach, while there are several clear disadvantages.
The only potential advantage of compensation coils is the possibility of lowering the field to
50 mG for the great majority of PMTs. This does not appear necessary — as stated above.
Active coils do offer adjustability and are not placed in the corrosive ultra-high purity water.
The passive system has disadvantages in both respects. A decision has not been reached at
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the time of this writing. Both systems are under study.

2.9 Installation Equipment (WBS 1.4.2.9)

This section describes equipment needed for material handling and personnel access during
the construction, installation, operation and maintenance phases of the WCD project. This
takes into consideration all periods after a stabilized cavity is excavated, through normal de-
tector operation and maintenance. It will include both permanent and temporary equipment
needed to complete these tasks. This section does not include general tools and equipment,
safety systems section, or any specific personal protection equipment.

2.9.1 Overhead Crane

For the excavation, it is expected there will be a crane extending in from the main entrance
drift. This will be left in place for use during construction and installation. The crane will
extend approximately 20 m into the cavity and have a lifting capacity of 5-10 tons. It will
be used to move any large items from 4850L to the floor of the vessel.

2.9.2 Mast Climbers

For work on the vessel wall, we plan to use mast climbers and gondolas. Mast climbers will
be used for the large-scale work, because they can go from cavern floor to 4850L quickly,
provide a large, stable work surface for six to ten workers, be erected up to 30 m in width,
and provide a load capacity of more than 6 ton. Gondolas will be used for lighter work; they
can transport two workers and small payloads to anywhere on the vessel wall. We expect to
use gondolas for any repair, maintenance or adjustments needed after the main installation
has been completed with the mast climbers, and for interventions during detector operations.

A mast climber is a self-erecting, motorized, vertical work platform (shown in Figure 2-33).
It consists of a ground base, vertical masts that are fixed at different heights on the vessel
wall, and a moving platform from which to work. Mast climbers will be temporarily installed
on the floor of the detector at set locations. Once the work for a given section of the vessel
wall is complete, the mast climber will be disassembled and moved to another location, and
the work repeated. We expect to have two mast climbers and each will be erected in three
locations to cover the entire vessel wall.
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Figure 2—33: Mast climber platform at the top of the vessel wall.

2.9.3 Gondolas

A gondola system will be permanently implemented for installation and future maintenance
work on the vessel wall (shown in Figure 2-34). A gondola consists of two monorails installed
around the annulus of the cavity under the balcony, approximately 2-3 m inward from the
cavern wall. One monorail will have multiple powered trolley hoists, with a lifting capacity of
2 tons, that will be used to raise and lower equipment and materials. The other monorail will
have powered trolleys from which the gondolas, with cable hoists, will be operated. These
will be used for moving personnel around for work on the vessel wall.

2.9.4 Ancillary Equipment

Smaller equipment will be needed to move equipment and materials around the cavern during
construction and detector operation. This includes portable gantry and jib hoists, forklifts,
pallet jacks, and hand trucks. It is also planned to have a scissor-lift table to move materials
from 4850L to the balcony, approximately 4 m above.
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Figure 2—-34: Two monorails located under the deck balcony. A work gondola and PIU are shown
being lowered for work on the wall below. Also shown is the annulus space between the center

portion of the deck and the vessel wall (electronic huts not shown).
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3 Photon Detectors (WBS 1.4.3)

3.1 Introduction

The Photon Detector subsystem includes the design, procurement, fabrication, testing and
delivery of approximately 29,000 photon detector assemblies that meet the required perfor-
mance for light collection in the LBNE Water Cherenkov Detector (WCD). This chapter
describes the reference design for the photon detector system that uses an array of large
diameter photomultiplier tubes (PMTs) similar to that used in successful neutrino detectors
including Super-Kamiokande, SNO and IMB.

The PMT coverage described in Chapter 1 derives from the benchmark requirement to have
an effective coverage equivalent to that of SK-II. This effective coverage will allow us to
detect events, reconstruct tracks, and identify particles, all of which are necessary to enable
the WCD to achieve the LBNE Physics goals. The equivalent of the 20% coverage of SK-
IT is achieved by an array of 29,000 12-inch PMTs covering a surface area of 21,500 m?
surrounding a water volume of 241,000 m?, corresponding to a total PMT area of 9.8%.
PMTs with high quantum efficiency photocathodes will raise the LBNE effective coverage
from 9.8% to about 15%. Light collectors, assumed to increase the light collection by 40%,
will extend the coverage to 20%. Because of the smaller PMT size relative to SK-II, the
LBNE WCD granularity will be 30% finer.

The photon detector unit adopted for the reference design is referred to as a PMT Assembly
(PA) and is shown in Figure 3-1. Each PA consists of a PMT, an encapsulated voltage
divider base, housing and cable assembly. The PAs will be designed to mount individually
to the wall and ends of the 200 kTon fiducial-volume containment vessel as described in
Chapter 2.

The light collector will be attached after PA installation in the WCD. Two light collector
designs are being considered: a Winston cone and a wavelength shifter plate. The final choice
will be determined by laboratory prototype demonstrations and simulation studies.
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PMT Assembly (PA)

PMT Cable
Housing

PMT + Base

Either ] Or
Winston Cone Wave Length Shifter

A

Figure 3—1: Exploded view of PA with candidate light collectors

3.1.1 PMT Reference Design and Selection Process

The PMT for the reference design, the 12-inch Hamamatsu HPK-R11780HQE, was selected
based on its large size for overall cost reduction and for a mechanical design that can with-
stand high water pressures. LBNE expects to have a viable PMT candidate from ADIT/ETL
with similar features.

LBNE is working with both vendors to further optimize these large diameter tubes (12-inch
for Hamamatsu and 11-inch for ADIT/ETL) for photocathode efficiency, electron optics and
robustness of the glass bulbs. Given the long experience with these vendors we expect that
both will produce viable candidates.

The recent advances in PMT technology and these optimizations will result in tubes that
are superior in all aspects to those used in SK-II.
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A selection panel, whose members have expertise in the technical, scientific, and procurement
aspects of PMTs, has been established to select the final vendor and PMT. The selection
panel will develop the performance requirements and final specification with input from the
simulations and the electronic/optical and mechanical characterization efforts. The panel
will also develop vendor selection criteria to be included in the request for proposal. The
vendor selection will be based on the criteria in addition to performance and cost.

The quantity of PMTs is larger than in previous experiments and production of so many
PMTs presents a significant challenge even for a large manufacturer. To produce the required
number of PMTs, vendors may require new facilities, equipment, personnel and processes.
They are unlikely to make this investment without a substantial commitment from LBNE,
perhaps 10,000 PMTs. Even with such a commitment, it will likely take a year for any vendor
to be up to production capacity.

3.1.2 QA and ES&H

A comprehensive quality assurance plan will guide the development and assembly of the
PMT assemblies from concept to installation. The QA program is intended to ensure a
design that meets performance requirements, to track and minimize defects at procurement
and fabrication, and to ensure that defects do not materially affect physics measurements.

Environment, safety and health considerations will be paramount in the design, fabrication
and testing of the PMT assemblies. Two safety concerns deserve special mention. The PMTs
have a glass envelope containing a high vacuum and require careful handling. An implosion
results in bursts of flying glass and may cause serious injury. Another ES&H concern will be
the safe and ergonomic setup of assembly and test facilities since the quantity of PAs to be
assembled and tested will require many repetitive processes. ES&H concerns are treated in
more detail in Chapter 12.

3.1.3 OQutline of Remainder of Chapter

In remaining sections of this chapter, the individual components of the reference design are
described. The PMT description is divided into two parts, the first covering the optical and
electronic issues, and the second describing the mechanical issues of the PMT glass envelope.
The base, cable assembly, housing, and light collectors sections follow. Finally the integration
and testing plan is described.
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3.2 PMT Optical and Electronic Characteristics (WBS 1.4.3.2.1)

The photomultiplier tubes (PMTs) are the only active element of the WCD. The quality of
the PMTs—their efficiency and their charge and time response—ultimately determine the
detector’s ability to measure energy and reconstruct position and direction, and to distinguish
different particle species.

The most important characteristic of the PMTs is their photon-detection efficiency (meaning
the product of quantum and collection efficiency). The more detected photons, the more
precise reconstruction and particle ID will be. But the number of detected photons per
MeV of deposited energy in the WCD depends on the product of the photon-detection
efficiency, the overall photocathode coverage, the optical attenuation length of the water, the
event location and the efficiencies and coverage of any light collector or light-enhancement
device. Granularity, the number of independent angular measurements of photon times and
directions, can also affect the measurements significantly, but this is driven primarily by
cost. The optimal detection efficiency will likely be achieved at lowest cost for the largest-
area photocathode devices that are determined to be mechanically robust. As discussed in
Chapter 1.3.4.3, the reference design calls for roughly 29,000 12-inch high-quantum efficiency
(HQE) PMTs, with light collectors that add roughly 40% to the overall photon detection
efficiency. Such a configuration has the same light collection as Super-Kamiokande II.

Issues that go beyond efficiency and that impact the science include the timing and charge
resolution, dark current, radioactivity and the possibility of spurious light emission (‘flasher
PMTs’) that have plagued other water Cherenkov experiments. Clearly, we also want the
PMTs to perform stably through the lifetime of the experiment and be robust to unexpected
events (high light levels, etc.).

In the next sections we detail our desired PMT characteristics beyond coverage, efficiency
and granularity. Unless explicitly stated, we assume a PMT gain of 10”7 and a discrimi-
nator threshold of 0.25 of a photoelectron (PE). All of our desired optical and electronic
characteristics are already available in modern PMTs, but we are aiming to select a device
that best suits our needs within the constraints of cost. Table 3—1 summarizes all the PMT
characteristics of interest and our PMT performance goals for each. For the characteristics
we have measured to date, none of our goals exceed the performance of available modern
PMTs. In the next section, 3.2.1, we start with a discussion of the relevance of PMT per-
formance to event reconstruction, and then move to discuss the individual characteristics
listed in Table 3—1. In the following section, 3.2.2, we then turn to our PMT evaluation and
characterization plan, and some of the progress to date.
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Table 3—-1: Summary of PMT performance goals for optical and electronic characteristics. .

| Characteristic | Goal | Condition | Spec. |

Transit Time Spread (o) || <1.6 ns single pe typical
Late Pulses (fraction) <5% single pe typical
Afterpulsing (probability) || <5% five years storage | average
Double Pulsing (prob.) <5% single pe average
Pulse rise and fall time Trise <A NS, TEn<12 ns 107 gain typical
Peak/Valley >2 107 gain minimum
Charge resolution <50% single pe typical
High charge tail <1% single pe typical
Gain > 107, non-linearity <10% | 1-1000 pe minimum
Dark current 1500 Hz 13°C average
Wavelength response peak in 370-420 nm in water absolute
Spurious light (‘flashing’) || <1/month after 1 month average
Gain and efficiency drift <3%/year in situ average
Late/After pulsing drift <10% rms variation typical
Noise rate drift <x2 monthly average typical
Temperature hysteresis 9e<1% 40° excursion typical

dgain<10%

dnoise<10%
[llumination hysteresis 9e<1%, ~1000 lumens/m? | typical

dgain <10%,

dnoise <10%
Seismic hysteresis de <1%, ~1000 lumens/m? | typical

dgain <10%,

dnoise <10%
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3.2.1 Dependency of Response and Reconstruction upon the Optical and Electronic
Characteristics of the PMT

The most general reconstruction algorithm for a water Cherenkov detector maximizes the
following likelihood, as a function of position, time, momentum, and particle ID:

NpmT

=0

where 7 is the position of the event, ty is its time, p’ the event momentum (or, equivalently,
energy and direction), and ID is the particle species, which can be a single particle such as
an electron, muon, or 7°, or can be many charged particles each creating its own Cherenkov
cone. The p; are the normalized probability densities for each PMT to observe charge ); at
time t;, given the hypothesized even position, momentum, etc. The ); and t¢; are our only
observables. Thus the biggest challenge in reconstruction is to accurately generate the p;.
The probability that a particular PM'T measures charge () at time ¢ depends on an enormous
number of physical effects, such as the Cherenkov process, or the absorption, scattering, and
dispersion of light by the water. But the p; also depend on the characteristics of the PMTs
themselves: the distribution of charges and times that a single detected photon creates, the
efficiency of photon detection as a function of wavelength or angle or position along the
photocathode, the probability of a reflection by the dynode stack, etc. As a practical matter,
one often integrates over many of these characteristics, to provide a tractable estimate of the

Di-

As an example, perhaps the simplest algorithm (excepting “closed-form algorithms”) uses
the following p;:

(tgeS)Q

pi R e 202 (3.2)
for any PMT for which @; > Qpresh and where the time residual ¢}* is defined as

£ = ) — £ — |Fomg — Fovent]/(c/1). (3.3)

and o is the width of the spread of transit times of photoelectrons in the PMT (the transit
time “jitter”). In other words, any “hit” PMT is treated as if the probability of being hit at
time t; is a Gaussian curve centered on the time-of-flight corrected time from the hypothesized
vertex, for any direction and energy. In this case, the minimization of —In £ reduces to a
least-squares fit, up to constant factors. While simple, the example does point out that the
smaller o is, the better the vertex reconstruction will be, and the more hits there are, the
more information about the vertex there will be. So position resolution to first order scales

like o /+/ Nyt
A real PMT has a distribution of hit times that is highly non-Gaussian, as shown in Fig-

ure 3-2, which is a measurement of 12-inch standard quantum efficiency PMTs made by
Hamamatsu for LBNE. We see in this figure that there is significant non-Gaussian structure
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Figure 3—2: Transit time residuals for a 12-inch R11780 PMT designed for LBNE.

in this distribution. By the same token, the probability of observing charge @); in the i-th
PMT depends on both the number of photons that hit the tube, and on the shape of the
charge distribution. In Figure 3-3 we show the distribution of detected charges for the same
12-inch PMT for a single photon, and see here as well that its shape is very broad. Two
photons hitting the PMT will be very hard to distinguish from one.

Our goal in PMT evaluation and characterization is to choose a PMT that has the simplest
and narrowest charge and time distributions, to optimize the running conditions for the
chosen PMT to further improve these distributions, and to provide precise and accurate
measurements of the PMT response component of the p; to be used in simulation and
reconstruction, including angular and position-dependent efficiencies.

Timing

The time distribution shown in Figure 3-2 has several clear features: a nearly-Gaussian
prompt peak of width o (manufacturers actually define this width using the full-width at
half-maximum, which is roughly 20), a broad feature that peaks at roughly 60 ns, a small
peak roughly 30 ns before the prompt peak, and a uniform distribution of hits across the
entire window. The broad peak near 60 ns is PMT “latepulsing”, caused by elastic scatters
of photoelectrons off of the first dynode. After scattering, the photoelectrons return to the
first dynode roughly two cathode-to-dynode transit times later. We have found that there
is a second, related phenomenon, called “double pulsing”, which appears to be caused by a
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Figure 3-3: Single photoelectron charge spectrum for a 12-inch standard QE PMT (Hamamatsu
R11780).

photoelectron that inelastically scatters off of the first dynode. The inelastic scatter results
in a prompt pulse followed by a second pulse and, because of the energy lost in the inelastic
process, the second pulse arrives earlier than the typical latepulsing time scale. Figure 3-4
shows the transit time residual distribution of the second pulse in a double pulse, compared to
the latepulsing distribution, and we see that indeed the inelastically scattered photoelectrons
do appear earlier relative to the prompt peak than the elastically scattered electrons.

The very small early peak in Figure 3-2 represents pre-pulses, caused when a photon directly
strikes the first dynode. The uniform distribution of hit times is the dark noise in the tube,
caused primarily by thermal electron emission off of the photocathode.

All modern PMTs have transit-time distributions that are better than the PMTs in any
existing large-scale Cherenkov detector, and we are therefore in the position of being able to
choose a PMT that minimizes o and has the smallest fraction of late and early hits.

Not shown in Figure 3-2 is the probability of afterpulsing. Afterpulsing is distinct from
latepulsing, and is caused by ionization of residual gas in the PMT. The ions travel slowly,
and thus the resulting afterpulses appear very late, often many microseconds after the prompt
pulse. The biggest danger from afterpulses is the probability that they will pile up with other
events, most notably Michel electrons from stopped muons. In a detector as large as LBNE,
the probability that the same PMTs that are experiencing afterpulsing caused by an initial
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Figure 3—4: Transit time residuals for a 12” R11780 PMT, with the time of the second pulse in
a double pulse event superimposed on the times of all single pulses.

event will then be illuminated by a second event is low. Nevertheless, we would like the
afterpulsing probability per photon to not exceed 5% or so, consistent with that of previous
water Cherenkov detectors.

Charge

We have characterized the PMT single photoelectron charge distribution with three param-
eters: the ratio of the single photoelectron peak to the “valley” at low charge, the high-side
width of charge spectrum as indicated in Figure 3-3, and the size of the tail of the charge
distribution. A more physical model might use the first-dynode multiplicity (which in turn
depends on the secondary emission characteristics of the first-dynode material) and the
probability of low-gain paths, either through inelastic scattering as discussed above, or by
photoelectrons that miss the first dynode (or other leakage along the dynode path). Modern
tubes far exceed the photomultipliers used in detectors like SNO and Super—Kamiokande in
their charge response and easily satisfy any requirement we might have. We are therefore
left choosing the PMT that has the best overall charge response.

Our primary goal, as discussed in Section 3.2.1, is to pick the PMT that provides the most
information in its charge response. Ideally, we are trying to find the tube that has the
best ability to separate one photon from noise, two photons from one, etc. It is a common
misconception that the ‘valley’ on the low-side of the single photoelectron charge distribution
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represents the point where the single photon response meets the tube “noise”. In fact, the
valley in a modern tube represents the resolving power of the PMT normal-gain path and
any possible low-gain paths. The deeper the valley, the more single photoelectrons take the
primary normal gain path. The low-gain path (or paths) are difficult to use because as one
lowers the threshold beneath the valley to catch these hits, one begins to encounter any
electronic noise that may sit on the signal, thus increasing the apparent dark noise rate. We
therefore want the PMT with the deepest valley.

The width of the charge distribution, and the size of its tail, help us to distinguish one
photon from two, or three, etc. The dynamic range of the physics in LBNE extends from
MeV to TeV energies. The MeV regime is overwhelmingly dominated by single photon hits,
but by the time we are looking at GeV-scale events, the correlated nature of Cherenkov light
leads to PMTs that are typically hit by two or more photons. Such multi-photon hits carry
information about the energy of the event, as well as its timing (multi-photon hits have
better timing due to the “second chance” of a prompt hit). In our choice of PMT, we are
therefore looking for the tube that has the narrowest charge distribution and smallest tail.
The high-charge region shown in Figure 3-3 appears to be larger than we would hope, but
in fact this is a result of using a Cherenkov source, whose multi-photon tail is much larger
than an equivalent isotropic source. In fact, as a demonstration for how good the charge
resolution of this PMT is, there is a hint of a two-photoelectron peak in Figure 3-3, which
is impressive for such a large PMT.

Pulse shape

The pulse shape of the PMTs will affect the timing, the ability to separate multiple photons
(even in the most sophisticated electronics scenario) and the ability to see signal above
possible pick-up and noise levels on the cable and within the electronics. Perhaps the most
stringent requirement comes from the last item, given the dispersion of t